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PREFACE  TO  THE  EIGHTH  EDITION. 


In  this  edition  a  considerable  part  of  the  work  has  been  entirely  rewritten  and  many  changes 
made  in  other  parts  to  bring  them  into  harmony  with  the  best  modem  practice.  Special  con- 
sideration has  been  given  to  the  needs  of  students  and  beginners  generally,  and  with  this  in  view 
those  chapters  which  are  of  the  greatest  importance  to  this  class  of  readers  have  received  the  most 
attention.  In  the  theoretical  part  of  the  book,  for  example,  the  chapters  on  truss  analysis  for 
uniform  loads  has  been  entirely  rewritten.  Several  changes  have  been  made  in  the  chapter  on 
wheel-load  methods;  the  chapter  on  conventional  loads  has  been  ■  rewritten,  and  that  on  lateral 
trusses  is  nearly  all  new.  In  the  second  part,  the  chapter  on  the  design  of  plate  girders  has  been 
largely  rewritten  and  that  on  the  design  of  a  pin-connected  railway  bridge  entirely  so.  In  these 
chapters  new  designs  have  been  made  and  improvements  introduced  in  the  methods  of  presen- 
tation. As  a  basis  of  the  new  designs  the  American  Bridge  Company's  Specifications  of  1900 
have  been  adopted  as  being  relatively  simple  and  well  suited  for  this  purpose.  They  are  given 
in  full  in  Appendix  A,  replacing  those  formerly  quoted.  The  general  chapters  on  design,  XVI, 
XVII,  and  XVIII,  have  been  revised  and  brought  up  to  date.  In  Chapter  XVI  is  given  a  discus- 
sion of  Impact  and  Fatigue,  with  various  types  of  formulae  for  working  stresses,  replacing  a  treat- 
ment in  which  the  subject  of  impact  was  omitted. 

Important  additions  that  may  be  noted  in  chapters  not  above  mentioned  include  a  treat- 
ment of  the  general  case  of  flexure  of  beams  (unsymmetrical  sections)  at  the  end  of  Chapter  VIII; 
a  more  complete  analysis  of  the  problem  of  pin  eccentricity  in  the  top  chord  of  trusses  in  Chapter 
IX;  the  application  of  influence  lines  to  the  Swing  Bridge  in  Chapter  XII;  and  a  simpler  and 
more  complete  treatment  of  redundant  members  in  Chapter  XV,  with  applications  to  arch  and 
swing  bridges. 

The  lamented  death  of  the  chief  author  of  this  work  has  postponed  the  appearance  of  this 

edition  much  beyond  the  time  originally  planned,  and  there  are  yet  many  things  in  the  work  the 

revision  of  which  must  await  another  edition. 

F.  E.  T. 

C.  W.  B. 
itt 
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PREFACE   TO   THE    FIRST    EDITION. 


It  is  now  less  than  fifty  years  since  the  first  successful  attempt  was  made  to  correctly 
analyze  the  stresses  in  a  framed  structure  and  to  proportion  the  members  to  resist  the  given 
external  forces.*  In  this  comparatively  short  period  the  rational  designing  of  framed 
structures  has  ripened  into  practical  perfection,  and  the  best  current  practice  leaves  little  to 
be  deared  in  the  way  of  further  development.  The  only  material  uncertainties  remaining  arc 
the  dynamic  effects  of  moving  loads,  and  these  will  probably  never  submit  themselves  to  any 
very  accurate  determination  or  prediction.  This  would  seem  to  be  a  fitting  time,  therefore, 
for  the  presentation  to  the  engineering  profession  of  a  general  treatise  on  Modem  Framed 
Structures. 

The  evolution  of  methods  of  analysis  and  of  construction  has  been  so  rapid  during  this 
generating  period  that  no  sooner  has  a  work  on  structures  appeared  than  it  has  been  found 
to  be  behind  the  current  practice  and  no  longer  representative.  It  is  believed  that  this 
rapid  evolution  of  new  methods  has  about  run  its  course,  and  that  we  have  now  settled  upon 
a  line  of  practice,  both  in  analysis  and  in  construction,  which  will  be  reasonably  fixed  so  long 
as  the  materials  employed  remain  as  they  are  to-day.  It  was  this  conviction  that  led  the 
authors  of  this  work  to  undertake  the  task  of  presenting  the  subject  in  as  concise  and  inclu- 
sive a  form  as  possible,  to  serve  at  once  the  needs  of  the  student  and  of  the  practitioner. 

This  work  is  something  of  a  compendium,  a  text-book,  and  a  designer's  handbook,  all 
in  one.  As  a  compendium  it  is  intended  to  cover  a  great  deal  of  ground  without  going  too 
much  into  details  which  are  found  in  standard  works  on  mathematics  and  mechanics.  As  a 
text-book  it  is  intended  to  serve  as  the  student's  manual  in  framed  structures,  after  he  has 
had  a  course  in  mathematics  and  mechanics.  As  a  designer's  hand-book  it  is  intended  to 
contain  such  ready  information  as  any  competent  designer  must  constantly  use,  but  which  he 
does  not  care  to  burden  his  mind  with. 

As  a  text-book  the  discreet  teacher  will  not  undertake  to  go  over  it  all  with  equal  care. 
According  to  the  amount  of  time  he  can  spare  to  this  subject  be  will  use  more  or  less  of  it. 
Chapters  I,  II,  III,  IV,  V,  VIII,  and  IX  are  essential  as  a  ground-work  for  any  intelligent 
designing.  After  these  are  mastered  any  portion  of  the  remainder  may  be  taken  at  pleasure. 
It  would  hardly  be  wise,  in  any  case,  to  teach  all  of  Part  I  before  taking  something  in 
Part  II.  After  studying  a  portion  or  all  of  the  seven  chapters  named  above,  it  might 
be  well  to  assign  to  each  student  some  simple  design,  a?;  of  a  roof  truss  fcarh  one 
•By  Mr.  Squire  Whipple,  of  Albany,  N.\.    See  iool-note,  P- 8. 
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taking  a  different  style  of  truss,  but  all  of  the  same  span,  loads,  spacing,  etc.),  the  teacher  leading 
the  class  in  the  problem,  and  assigning  such  parts  only  of  the  various  chapters  in  Part  II  as  bear 
on  the  several  elements  of  the  design  as  they  arise  for  solution.  This  would  indicate  at  once  how 
Part  II  is  to  be  used  in  actual  designing,  and  it  would  maintain  the  student's  interest  in  the  theo- 
retical portion  of  Part  I  by  the  practical  application  of  it. 

If  the  course  is  a  fairly  thorough  one  nearly  all  of  Part  I  should  be  studied  sooner  or  later,  and 
as  much  of  Part  II  as  there  is  time  for.  Probably  in  no  case  would  it  all  be  taught,  but 
the  student,  in  the  various  problems  in  designing  which  are  assigned  to  him,  should  have 
occasion  to  consult  nearly  all  parts  of  the  book. 

The  work  may  be  criticised  on  the  one  hand  for  being  too  concise,  and  on  the  other  for 
being  too  inclusive.  The  authors  have  tried  to  avoid  all  unnecessary  verbiage  and  such 
mathematical  developments  as  are  given  in  works  necessarily  preparatory  to  this,  to  keep  the 
book  from  becoming  too  bulky;  and  they  have  intended  to  fairly  cover  the  field  of  structural 
designing  in  which  the  engineer  of  to-day  is  called  upon  to  practise.* 

This  work  has  been  written  by  so  many  persons  that  it  is  only  in  a  limited  sense  that 
those  whose  names  appear  on  the  title-page  may  be  considered  its  authors.  These  latter, 
however,  have  had  the  direction  of  the  work  and  have  written  much  the  larger  portion  of  it. 
It  has  been  their  controlling  motive  to  have  the  book  represent  correctly  the  latest  and  best 
practice,  and  in  many  ways  to  even  point  out  some  improvements  in  both  the  analysis  and 
the  de^'^^^^'rvg  si-sfrucTUi. .-  "^  '    " ' 

In  order  that  the  reader  may  always  know  the  particular  author  he  may  be  reading,  the 
following  scheme  is  given  as  a  key  to  such  information.  While  Prof.  Johnson  has  had 
general   charge   of   the    entire   work,    in   an   editorial   capacity,    and   has   written   portions   of  \ 

various  chapters  not  ascribed  to  him,  the  work  has  been  divided  as  follows: 

Prof.  J.  B.  Johnson,  Chapters  I,  VI,  VIII,  IX,  X,  XI,  XV,  XXIII,  XXV  (Parts  I  and 
III),  and  XXVII. 

Prof.  F.  E.  Turneaure,  Chapters  II,  III,  IV,  V,  VII,  XII  (in  part),  XIII,  and  XIV. 

Mr.  C.  W.  Br/an,  C.  E.,  Chapters  XVI,  XVII,  XVIII,  XIX,  XX,  XXl,  XXII,  and  XXV 

(Part  II). 

Mr.  J.  W.  Schaub,  M.  Am.  Soc.  C.  E.,  Chapters  XII  (in  part)  and  XXIV. 

Mr.  David  A.  Molitor,  C.  E.,  Chapter  XXVI. 

Mr.  C.  T.  Purdy,  C.  E.,  Chapter  XXVIII. 

Mr.  Geo.  H.  Hutchinson,  C.  E.,  Chapter  XXIX. 

Mr.  F.  H.  Lewis,  M.  Am.  Soc.  C.  E.,  Appendix  A. 

Mr.  A.  L.  Johnson,  C.  E.,  Appendix  B. 

Mr.  Frank  W.  Skinner,  M.  Am.  Soc.  C.  E.,  Appendix  C. 

It  is  only  due  to  Washington  University  to  say  that  at  the  time  he  did  the  work  Prof. 
Turneaure  was  Instructor  in  Civil  Engineering  in  that  institution  (C.  E.  Cornell  University), 
while  Messrs.  Schaub,  Bryan,  Molitor,  and  A.  L.  Johnson  are  graduates  from  its  civil  engi- 
neering: course. 


♦The  chapter  on  LcKk  (Jaics  which  was  in  the  original  scheme  was  made  unnecessary  by  the  excellent  monograph 
on  this  subject  by  Lieut.  Hodges,  published  in  1892  by  the  Corps  of  Engineers,  U.S.A.,  as  Professioftal  Papers,  No.  26. 
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Mr.  Schaub  has  been  Chief  Engineer  of  two  of  the  largest  bridge  works  of  America, 
namely,  the  Dominion  Bridge  Company  of  Montreal  and  the  Detroit  Bridge  Company.  He 
was  for  many  years  an  assistant  to  Mr.  C.  Shaler  Smith,  one  of  the  great  bridge  engineers 
this  country  has  produced.  He  is  now  General  Manager  of  the  Pottsville  Bridge  Works, 
Pottsville,  Pa.     His  chapters  on  draw  bridges  can  therefore  be  regarded  as  authoritative. 

Mr.  Bryan  speaks  also  with  authority,  as  he  has  for  many  years  been  the  Designing 
Engineer  of  the  Edge  Moor  Bridge  Works,  which  are  the  largest  structural  works  in  the 
world. 

Mr.  Purdy  has  designed  many  of  the  tall  steel-skeleton  buildings  of  Chicago,  and  Messrs. 
Hutchinson,  Lewis,  A.  L.  Johnson  and  Skinner  are  also  fully  qualified,  both  theoretically  and 
practically,  to  speak  on  the  subjects  treated  by  them. 

Mr:  Molitor  has  written  a  chapter  in  an  entirely  new  field,  so  far  as  the  English  litera- 
ture is  concerned.  He  has  spent  a  number  of  years  in  Europe  in  engineering  practice,  and 
has  had  an  opportunity  to  cultivate  a  naturally  strong  aesthetic  sense.  His  private  library 
and  his  collections  of  photographs  are  the  main  sources  from  which  he  obtained  his  material. 
It  is  to  be  hoped  that  this  chapter  may  give  an  impetus  to"  the  growing  sense  of  dislike  for 
the  innate  ugliness  which  now  characterizes  many  of  the  largest  bridges  of  this  country. 

The  authors  wish  also  to  acknowledge  their  indebtedness  to  Prof.  Green  of  the  Univer- 
sity of  Michigan,  to  Prof.  Crandall  of  Cornell  University,  to  Prof.  Swain  of  the  Massachu- 
setts Institiii^- o[ -^y-^^l^^j^^j^ -y^ -Jo  Dr.  Eddv^  President  of -Rose  Polytechnic  Institute,  j|pr  many 
ideas  and  methods  which  have  been  incorporated  in  the  body  of  the  work,  and  to  Mr.  v.^. 
cott  C.  Foster,  for  the  use  of  some  plates  from  his  "Wooden  Trestle  Bridges."  Other 
acknowledgments  will  be  found  in  foot-notes  scattered  through  the  book. 

The  authors  have  spared  no  expense  in  the  matter  of  cuts  and  plates,  nearly  all  of 
which  have  been  specially  drawn  for  this  work,  and  engraved  by  the  American  Bank  Note 
Company  of  New  York.  Only  a  few  of  the  plates  have  been  reproduced  by  photographic 
processes.  The  publisher  of  Hutton's  monograph  of  the  Washington  Bridge  has  kindly 
granted  the  use  of  several  plates  from  that  excellent  work. 

That  this  work  should  fairly  and  adequately  exemplify  the  principles  and  practice  of 
structural  designing  in  America,   and   meet   with   the  approval  of  their  fellow  teachers  and 

practitioners,  has  been  the  constant  hope  and  aim  of 

The  Authors. 
July,  1893. 
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THEORY  AND   PRACTICE 

IN  THE  DESIGNING  OF 

MODERN    FRAMED   STRUCTURES 


Part    I. 
THEORY   OF   FRAMED   STRUCTURES. 


CHAPTER  t 

DEFINITIONS    AND    HISTORICAL    DEVELOPMENT. 

1.  A  Simple  Framed  or  Articulated  Structure  is  one  composed  of  straight  members 
so  attached  at  their  extremities  as  to  cause  the  structure  to  act  as  one  rigid  body.  It  may  be 
contrasted  with  masonry  structures  on  the  one  hand  and  with  solid  beams,  plate  girders, 
arches,  wire  suspension-bridges,  and  the  like  on  the  other. 

2.  The  External  Forces  include  all  the  loads  and  foundation  reactions,  including  the 
weight  of  the  structure  itself,  which  act  upon  and  which  tend  to  distort  it.  These  forces  are 
always  replaced  by  their  equivalent  forces  applied  at  the  joints  before  the  direct  stresses  in 
the  members  can  be  computed. 

3.  Strain  is  the  distortion  of  a  body  caused  by  the  application  of  one  or  more  external 
forces.*  It  is  measured  in  units  of  length,  as  inches,  and  not  in  pounds.  The  proportional, 
or  relative,  strain  is  usually  meant,  this  being  the  distortion  per  unit  of  original  length,  or  in 
other  words,  the  actual  distortion  divided  by  the  original  length  of  the  member. 

4.  Stress  is  the  resistance  of  a  body  to  distortion,  and  can  only  exist  in  unconfined  bodies 
when  these  are  solid  or  plastic.  It  is  measured  in  pounds  or  tons  the  same  as  the  external 
forces.  The  stresses  resist,  or  hold  in  equilibrium,  the  external  forces,  but  the  immediate 
cause  of  the  stress  is  the  distortion  of  the  body.f  The  external  forces  upon  a  framed  struc- 
ture distort  the  members  until  the  resisting  stresses  developed  in  them  are  sufficient  to  hold 
in  equilibrium  these  external  or  distorting  forces.  For  bodies  in  equilibrium  the  external 
forces  and  the  internal  stresses  stand  in  the  relation  to  each  other  of  action  and  reaction  in 
mechanics.  Furthermore,  when  the  stress  in  one  member  is  resisted  by  or  transmitted  to 
another  member  or  part  of  a  structure  it  acts  upon  the  latter  as  an  external  force.  Thus  the 
reaction  of  the  foundation  is  a  stress  in  the  masonry  support,  but  is  to  be  treated  as  an 
external  force  acting  upon  the  superposed  structure. 

5.  Relation  between  Stress  and  Strain. — In  all  solid  bodies  there  is  a  definite  relation 
between  the  intensity  of  the  stress  and  the  amount  of  the  accompanying  strain.  No  body 
is  so  rigid  as  to  remain  unstrained,  or  undistorted,  under  the  application  of  any  finite  external 


*  In  popular  language  "strain"  and  "stress'*    re  often  confused  and  used  indiscriminately.     Some  authors  of 
repute  have  also  followed  the  popular  usage,  but  the  definitions  here  given  conform  to  the  practice  of  the  leading 

authorities. 

f  It  is  comr».on  to  say  the  distortion  is  caused  by  the  stress.     But  a  resistance  cannot  be  the  cause  of  the  thin^ 
resisted      Though  coincident  in  time  and  place,  the  distortion  is  really  the  cause  of  ibe  stress. 
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force,  however  small.*  Within  a  certain  limit  for  any  particular  material  a  given  increase  in 
the  external  force  is  always  accompanied  by  a  proportionate  increase  in  the  strain,  or  distor- 
tion, and  this  develops  a  lilie  increase  in  the  stress,  or  resistance.  Thus  if  any  bar  of  rolled 
iron  or  steel  be  distorted  by  an  external  force  (pull  or  thrust)  of  28  lbs.  per  square  inch,  it 
will  stretch  or  shorten,  as  the  case  may  be,  an  amount  equal  to  one  one-millionth  part  of  its 
length,  the  internal  stress,  or  resistance  to  distortion,  then  coming  to  be  just  equal  to  the 
external  force  of  28  lbs,  per  square  inch.  An  external  force  of  28,000  lbs.  per  square  inch 
distorts  or  strains  the  bar  one  one-thousandth  part  of  its  length  and  then  develops  in  the  bar 
a  resistance  or  stress  of  28,000  lbs.  per  square  inch.  It  is  evident,  however,  that  this  resist- 
ance cannot  continue  to  increase  indefinitely  in  proportion  to  the  distortion.  There  always 
comes  a  time,  if  the  external  force  continues  to  increase,  when  a  greater  increment  of  distor- 
tion is  requisite  to  develop  a  given  increment  of  resistance.     This  point  is  called 

6.  The  Elastic  Limit. — Below  this  limit  the  stress  and  the  strain  are  proportional,  equal 
increments  of  one  always  producing  equal  increments  of  the  other.f  Also,  below  this  limit, 
when  the  distorting  force  ceases  to  act  the  body  returns  to  its  original  shape  and  dimensions 
and  the  stress  is  relieved.  If  the  body  be  distorted  beyond  the  elastic  limit,  the  strain 
increases  more  rapidly  than  the  stress,  or  than  the  external  force,  these  two  always  of  necessity 
being  equal  to  each  other,  and  some  of  the  distortion  becomes  permanent.  That  is,  when 
the  external  force  is  removed  the  body  does  not  fully  return  to  its  original  dimensions,  but 
remains  permanently  distorted  somewhat,  or  it  is  said  to  have  "taken  a  set." 

7.  The  Modulus  of  Elasticity  is  the  ratio  of  the  stress  per  unit  of  area  to  the  relative 
strain,  or  distortion,  which  accompanies  it.  In  other  words,  it  is  unit  stress  divided  by  unit 
strain,  or 


(I) 


where  a  =  distortion  or  strain  (either  elongation  or  compres^on) ; 
/  =  original  length  of  part  under  stress ; 
/  =  stress  per  unit  area  (pounds  per  square  inch  in  English  units). 

Since  pounds  and  inches  are  the  standards  used  in  English,  the  modulus  of  elasticity  as 
given  and  used  in  all  English  works  must  be  understood  to  represent  pounds  per  square  inch, 
the  denominator  of  our  fraction  in  eq.  I  being  an  abstract  number-J 

This  modulus  or  ratio  is  constant  within  the  elastic  limit.  Beyond  that  it  steadily 
decreases  until  it  reduces  to  zero  in  the  case  of  solid  metals  where  the  material  becomes 
plastic  and  dr'aws  out  or  compresses  under  a  constant  load.  All  working  stresses  are,  or 
should  be,  well  within  the  elastic  limit,  and  hence  for  all  such  stresses  this  ratio  is  constant 
for  any  given  material.  When  it  is  known  the  resisting  stresses  can  be  found  for  a  known 
distortion,  or  the  distortion  may  be  computed  for  a  known  stress.  The  determination  of  this 
ratio  requires  very  delicate  measuring  apparatus  with  the  most  careful  and  expert  handling. 
Tabular  values  given  for  these  moduli  for  different  materials  in  standard  works  are  not  very 
reliable.  Thus,  for  all  the  rolled  irons  and  steels  this  modulus  is  remarkably  constant,  being 
perhaps  always  between  26,000,000  and  31,000,000   lbs.  per  square  inch  for  the  ordinary 

*  It  may  be  found  helpful  to  think  of  all  engineering  materials  as  composed  of  india-rubber  in  order  10  free  our 

minds  from  [he  notions  of  absolute  rigidity  which  are  apt  I*  be  associated  with  the  harder  kinds  of  siniclural  materials. 

t  This  is  known  as  Hooke's  Law  and  was  originally  expressed  by  the  Latin  phrase  '■  Ul  Intsto  sic  vis." 

%  If  this  denominator  eould  become  unity,  which  it  never  can  in  solids,  then  ihe  fraction,  or  E,  would  represent  the 

number  of  pounds  per  square  inch  required  to  stretch  a  body  to  twice  its  original  length,  and  Ihe  modulus  o(  elaslicily 

It  sometimes  so  defined. 
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temperatures,  while  the  tensile  strength  of  these  metals  will  vary  from  45,000  lbs.  per  square 
inch  for  wrought-iron  and  soft  steel  to  over  200,000  lbs.  per  square  inch  for  hard-drawn  steel 
wire.  It  is  an  extremely  valuable  property  of  engineering  materials,  acid  is  used  to  great 
advantage  by  the  scientific  designer. 

8.  Examples. — The  following  examples  are  given  to  illustrate  some  of  the  uses  to  be  made  of  the 
modulus  of  elasticity.  In  solving  these  problems,  take  the  modulus  of  wrought-iron  as  27,000,000,  and  of 
steel  as  28,500,000;  of  cast-iron  as  12,000,000;  and  of  timber  as  1,500,000  lbs.  per  square  inch. 

I.  A  steel-wire  cable  5  miles  long  and  one  square  inch  in  solid  section  is  pulled  with  an  average  force 
of  ]  5,000  lbs.    What  is  the  strain,  or  stretch  ? 
;  2.  The  rim  of  a  cast-iron  fly  wheel  10  feet  in  diameter  is  subjected  to  a  tensile  stress  of  5000  lbs.  per 

^  square  inch  from  the  centrifugal  force.     How  much  is  its  diameter  increased  ? 

I"  3.   If  an  iron  or  steel  rail  30  feet  long  is  prevented  from  expanding,  what  will  be  the  stress  in  it  per 

square  inch  resulting  from  a  rise  of  temperature  of  80"*  F.,  the  coefficient  of  expansion  being  taken  at 
0.0000065  ? 

4.  A  series  of  wooden  posts  superposed  upon  each  other  in  a  building  to  a  total  height  of  60  feet  are 
subjected  to  an  average  compressive  stress  of  1000  lbs.  per  square  inch.  How  much  will  be  the  settlement 
at  the  top  from  this  cause  ? 


r 


THE  TRUSS  AND  ITS  ELEMENTS. 

'  9.  A  Truss  is  a  framed  or  jointed  structure  designed  to  act  as  a  beam  while  each 

\  iiiember  is  usually  subjected  to  longitudinal  stress  only,  either  tension  or  compression. 

10.  The  Struts  are  those  members  which  are  compressed  endwise,  and  which  therefore 
have  developed  in  them  compressive  resistances  or  stresses.  Struts  are  sometimes  called 
Posts,  or  Columns. 

zi.  The  Ties  are  those  members  which  are  extended,  and  which  thus  have  developed  in 
them  tensile  resistances  or  stresses. 

12.  The  Upper  and  Lower  Chords  are  cpmposed  of  the  upper  and  lower  longitudinal 
members  respectively.  When  the  loads  are  downward  and  the  truss  is  supported  at  its  ends, 
the  upper  chord  is  always  in  compression  and  the  lower  chord  always  in  tension.  The  spaces 
between  the  chord  joints  are  called  panels. 

13.  The  Web  Members  are  those  which  join  the  two  chords.  They  are  alternately  in 
tension  and  compression,  or  the  struts  and  ties  alternate  in  the  web  system. 

14.  A  Counterbrace  is  a  member  which  is  designed  to  resist  both  tensile  and  compressive 
strains.  That  is,  for  one  position  of  the  load  the  member  may  be  elongated,  while  for 
another  it  may  be  compressed,  and  hence  at  different  times  it  must  resist  both  extension  and 
compression.  When  two  or  more  external  forces  act  upon  it,  some  of  which  ti^d  to  compress 
the  member  and  others  to  extend  it,  it  is  evident  that  only  the  algebraic  sum  of  these  forces 
really  acts  upon  the  member.  It  is  subjected  to  a  stress,  therefore,  equal  to  and  of  the  same 
kind  as  the  algebraic  sum  of  all  the  external  forces  acting  upon  it. 

Hence,  also,  a  tension  member  or  tie  may  resist  a  compressive  external  force  without 
becoming  a  counterbrace,  so  long  as  this  compressive  force  is  smaller  than  another  extending 
force  which  also  acts.  Similarly  with  struts,  they  can  resist  "lensile  external  forces  without 
becoming  tie.*?,  so  long  as  these  are  less  than  other  compressive  forces  which  continue  active. 
The  residual  stress  is  tension  in  the  one  case  and  compression  in  the  other,  for  which  only  the 
member  is  designed,  and  therefore  we  may  say  that  both  struts  and  ties  may  resist  the  contrary 
external  forces  without  becoming  counterbraces,  the  stresses  in  the  member  always  being 
of  one  sign  *  or  kind. 

*  Ir  this  book  tension  is  called  minus  and  compression  plus.    There  is  no  objection  to  following  the  contrary  rule. 
It  is  only  important  that  both  stresses  and  forces  of  opposite  kinds  should  enter  with  opposite  signs. 
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15.  Mains  and  Counters. — A  main  member,  whether  strut  or  tie,  is  one  which  acts 
when  the  entire  structure  is  loaded.  A  counter  is  one  which  acts  only  for  particular  partial 
loads. 


Fi&  I. 


x6.  Illustration. — In  Fig.  i,  which  represents  a  Pratt  Truss,  the  compression  members, 
or  struts,  are  shown  by  double  lines,  and  the  tension  members,  or  ties,  by  single  lines.  When 
the  end  posts  are  inclined  as  in  the  figure,  they  would  seem  to  belong  about  as  much  to  the 
upper  chord  as  to  the  web  system.  They  are  usually  spoken  of  separately  as  the  "  inclined 
end-posts  "  or  the  "  batter-braces." 

The  members  7-10,  9-12,  lo-ii,  and  12-13  ^^e  counters,  or  counter-ties.  There  are  no 
counter-braces  in  this  truss ;  that  is,  no  members  have  to  resist  both  tension  and  compression. 

The  tension  members  2-3,4-5,6-7,  8-9,  11-14,  13-16,  15-18,  and  17-20  are  main  tie- 
rods.  The  members  1-2  and  19-20  are  not  elements  of  the  truss  proper,  since  they  serve 
only  to  carry  the  loads  at  i  and  at  19  to  the  hip-joints. 

17.  The  Action  of  a  Truss. — Since  a  truss  is  a  jointed  structure  composed  of  rigid  but 
elastic  members  so  arranged  as  to  form  an  unyielding  combination,  it  must  be  composed  of 
an  assemblage  of  rigid  polygons.  But  the  only  rigid  polygonal  figure  is  a  triangle.  A  truss 
must  therefore  be  composed  of  an  assemblage  of  triangles.  Any  assemblage  of  triangles 
fastened  together  at  their  apices,  consecutive  figures  having  sides  in  common,  is  a  truss,  and 
will  act  as  a  beam.  In  Fig.  i  the  triangles  are  all  right-angled.  A  load  placed  at  joint  7,  for 
instance,  is  carried  by  the  truss  as  a  beam  to  the  abutments  at  o  and  21.  The  part  of  this 
load  which  goes  to  the  left  abutment  may  be  conceived  as  being  carried  up  to  6,  down  to  5, 
up  to  4,  down  to  3,  up  to  2,  and  then  down  to  o,  where  it  passes  to  the  ground.  The  part 
which  goes  to  the  right  passes  over  the  path  7,  10,  9,  12,  1 1,  14,  13,  16,  15,  18,  17,  20,  and  21. 
Thus  for  such  a  load  the  ties  7-10  and  9-12  are  put  under  stress,  while  8-9,  lO-ii,  and  12-13 
are  idle,  as  well  as  the  post  7-8  and  the  hangers  1-2  and  19-20.  If  all  these  idle  members 
were  removed,  the  truss  would  stand  under  this  particular  loading,  since  it  would  still  remain 
an  assemblage  of  triangles,  properly  joined.  If  the  load  were  placed  at  9,  9-8  and  9-12  would 
be  under  stress,  while  7-10  and  lo-ii  would  be  idle.  If  the  two  middle  joints  9  and  11  were 
loaded  equally,  the  part  of  the  load  at  9  going  to  the  right  is  just  balanced  by  the  part  of  the 
load  at  1 1  going  to  the  left,  and  hence  there  is  no  stress  in  the  intermediate  web  members 
9-12,  lO-ii,  9-10,  and  41-12.    The  counter-ties  7-10  and  12-13  are  also  idle. 


Fig.  2. 


In  Fig.  2  we  have  generalized  conceptions  of  a  truss.     They  are  assemblages  of  triangles^ 
adjacent  figures  having  a  common  side,  and  exemplify  the  generic  idea  of  a  truss. 
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A  truss  IS  not  weakened  from  its  want  of  symmetry  or  from  its  sagging  in  the  middle, 
provided  all  the  members  are  properly  proportioned  to  carry  their  loads. 

A  Through-bridge  is  one  in  which  the  roadway  is  carried  directly  at  the  bottom-chord 
joints,  with  lateral  bracing  overhead  between  the  top-chord  joints,  thus  enclosing  a  space 
through  which  the  load  passes. 

A  Deck-bridge  is  one  in  which  the  roadway  is  carried  directly  at  the  top-chord  joints,  or 
on  the  upper  chords  themselves.  The  trusses  are  usually  placed  closer  together  than  on 
through-bridges,  the  roadway  extending  over  them. 

A  Pony  Truss  is  a  low  truss  of  short  span,  with  the  roadway  carried  at  the  bottom  joints, 
but  not  of  sufficient  height  to  allow  of  the  upper  lateral  bracing.  The  trusses  are  stayed,  or 
held  to  place,  by  bracing,  connected  with  the  floor  system. 


HISTORICAL  DEVELOPMENT  OF  THE  TRUSS  IDEA. 

18.  Primitive  Systems. — The  earliest  forms  of  truss  were  built  of  timber,  the  progres- 
sive development  of  the  forms  used  for  bridge  purposes  being  shown  in  the  following  figures. 


Fig.  30. 


Fi&  3^. 


Fig.  3d 


Figs.  3^,  3^,  y  are  three  forms  of  truss  construction  employed  by  Palladio,  a  famous 
Italian  architect,  1560-80.  These  trusses  were  built  entirely  of  timber,  and  are  believed  to 
be  the  earliest  examples  of  a  scientific  use  of  the  truss  element,  the  rigid  triangle.  Palladio 
wrote  an  elaborate  illustrated  treatise  on  architecture  in  which  these  and  other  forms  of 
truss  have  been  preserved. 

The  mastery  of  the  principles  of  truss  construction  did  not  follow  the  practice  of  Palladio, 
and  sp  fine  an  example  of  the  use  of  the  truss  element  is  not  found  again  for  nearly  three 
hundred  years. 

Fig.  4  represents  one  span,  170  feet  long,  of  a  bridge  over  the  Rhine  at  Schaffhausen, 
built  in  1758  by  Ulric  Grubenmann,  a  carpenter  by  trade  but  really  a  great  engineer.     He 
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afterwards  built  a  wooden  bridge  of  similar  design,  366  feet  long,  near  Baden.     Both  these 
bridges  served  their  purpose  till  destroyed  by  Napoleon  in  1799. 


Fig.  5  represents  the  "Permanent  Bridge"  over  the  Schuylkill  River  at  Philadelphia, 
built  by  Mr.  Timothy  Palmer  of  Newburyport,  Mass.,  in  1804.*  The  middle  span  wa.s  195  feet 
and  the  side  spans  were  150  feet  each.  It  was  covered  in  and  continued  in  service  till  1850, 
when  it  was  replaced  by  a  bridge  for  railroad  purposes. 


In  1804  Mr.  Theodore  Burr  built  a  bridge  over  the  Hudson  River  at  Wzterford,  in  four 
spans  of  154,  161,  176,  and  180  feet  clear  span,  respectively,  after  the  pattern  shown  in  Fig.  6, 


All  members  were  of  timber,  and  counter-struts  were  inserted  the  entire  length,  thus  giving 
great  rigidity.  This  is  probably  the  most  scientific  design  for  an  all-wooden  bridge  ever 
invented,  and  for  a  half-century  it  stood  unrivalled  for  cheapness  and  efficiency  for  highway 
purposes  in  this  country.  These  bridges  were  always  covered  in,  the  covering  extending 
many  feet  beyond  the  end  of  the  truss  proper. 

In  Fig.  7  is  shown  a  view  of  the  Colossus  Bridge  over  the  Schuylkill  River  at  Philadel 
phia,  built  in  1812  by  Mr.  Lewis  Wernway.  It  was  340  feet  cli:ar  span,  and  marked  a  great 
advance  on  previous  practice  in  America  in  the  length  of  span.  It  was  destroyed  by  fire  in 
1838.  These  three  gentlemen.  Palmer,  Burr,  and  Wernway,  were,  up  to  1840,  the  leading 
bridge  engineers  of  America. 

All  the  above  types  of  bridges.  Figs,  4-7,  are  composite  forms  and  not  simple  trusses. 

*  See  Papar  en  AmtrUan  R.  R.  Bridget,  by  Thaodore  Cooper,  Irani.  Am.  Sm,  Civ.  Sngrt.  Vol,  XXI,  p.  I. 
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The  last  three  are  really  trussed  arches,  the  arch  carrying  the  greater  part  of  the  load,  while 
the  truss  prevented  undue  distortions  in  it.  The  Burr  truss  would  have  had  considerable 
strength  alone  if  the  bottom  chord  had  been  more  efficiently  spliced. 


19.  Early  Forms  of  Simple  Trusses. — It  is  believed  that  the  Howe  truss,  F"ig.  8,  is 
the  earliest  foiin  of  simple  truss  for  long  spans  ever  built  for  bridge  purposes,  except  those  o( 


I'alladio.*  It  was  patented  in  the  United  States  in  1840  by  William  Howe.  Although  but  a 
modification  of  the  Burr  truss,  it  was  designed  to  carry  the  entire  load  as  a  truss,  without  any 
aid  from  arches  or  from  auxiliary  struts  projecting  out  from  the  abutments.  It  is  constructed 
of  timber  except  the  vertical  tie-rods,  which  are  of  iron.  It  has  been  repeated  thousands  of 
times  in  this  country  on  both  railroads  and  highways,  and  will  long  continue  a  favorite  form 
of  bridge-  for  new  lines  of  railroad,  and  for  wagon-roads  in  places  where  timber  is  cheap  and 
the  site  distant  from  a  railway  station.  It  will  be  fully  treated  in  the  second  part  of  this  work. 
The  earliest  type  of  iron  tniss  construction  in  the  United  States  was  the  invention  of 
Mr.  Wendell  Bollman,  Fig.  9.      It  is  really  a  trussed  beam,  each  joint-load  being  carried 


directly  to  the  ends  of  the  upper  chord  by  two  inclined  tension  members.  There  is  no  stress 
In  the  lower  chord.  It  is  therefore  a  kind  of  multiple  suspension  system  and  not  properly  a 
truss  at  all.     It  was  largely  used  from  1840  to  1850  on  the  Baltimore  and  Ohio  Railroad. 

An  improvement  on  the  Bollman  truss,  as  shown  in  Figs.  10  and  icw,  was  made  about  1851 
by  Mr.  Albert  Fink,  then  assistant  engineer  on  the  B.  &  O.  R.  R.  These  are  called  "  Fink 
trusses,"  the  loads  being  carried  at  the  lower  and  upper  joints  respectively.  This  design  has 
been  more  often  used  for  deck-bridges,  though  many  through-spans  have  been  built  on  this 
plan. 

"  Long'*  tnw*  was  braced  out  from  the  abutmcnl*  and  bence  dkl  not  give  timple  veilkal  icaclioaa. 
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In  both  the  Bollinan  and  the  Fink  trusses  the  compression  members  were  usually  made 
of  cast-iron,  and  in  neither  case  was  there  any  stress  in  the  lower  chord  for  static  loads. 
Eollman  trusses  were  very  soon  abandoned,  but  Fink  trusses  were  built  for  some  twenty-five 


years,  or  down  to  about  1876,  the  compression  members  being  made  finally  of  wrought-iron. 
Fins  and  eye-bars  were  freely  but  not  exclusively  used  for  joints  in  the  liolhnan  and  Fink 

trusses. 


The  first  near  approach  to  the  modern  style  of  iron  truss-bridges  was  made  by  Squire 
Whipple  *  in  1852,  in  a  bridge  of  146  feet  span,  which  he  built  7  miles  north  of  Troy,  N.  Y., 


»Mr.  Squire  Whipple,  C.E..  a  phllosophical-inslrumenl  1 
honor  of  being  ihe  firsi  man  who  ever  correctly  and  aiiequaK 
work  by  which  loads  are  carried  horizontally  from  jiiint  lo 
delivered  VEtlically  upon  ihe  abulmenls.  This  is  ihc  true  /uni 
Pratt  had  already  designed  and  built  such  siruclurcs,  ihey  hail 
10,  and  did  as  all  engineers  and  builders  did  in  ihose  days— dii 
•nd  judgment  as  Ibey  could  bring  10  bear  upon  the  problem 


:a,  N.  v.,  seems  to  have  the  dislinguished 
he  stresses  in  a  truss,  that  is,  in  a  frame- 
ins  of  chord  and  web  systems  and  finally 
s:  and  althoURh  Palladio.  Long,  Hoive,  and 


e-rods  in  the  Howe  I1 
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on  tlie  Rensselaer  and  Saratoga  Railway  (Fig.  1 1).  The  ties  in  the  web  system  extend  over  two 
panels,  and  it  is  therefore  called  a  "  double-intersection  "  truss.  The  lower  chord  was  com- 
posed of  wrought-iron  links  passing  over  wrought-iron  trunnions  in  the  bottoms  of  the  posts. 
All  the  compression  members  were  of  cast-iron,  and  it  was  pin-connected  in  both  upper  and 
lower  chords.     This  form  of  arrangement  of  members  is  still  known  as  the  Whipple  truss. 

In  1863  Mr.  John  W.  Murphy  first  used  wrought-iron  for  all  the  compression  members  in 
truss  construction,  but  still  used  cast-iron  in  joint-blocks  and  pedestals.  On  account  of  this 
improvement  by  Mr.  Murphy  in  the  Whipple  truss,  the  modern  wrought-iron  or  steel  double- 
intersection,  horizontal  chord,  truss  is  sometimes  called  the  Murphy- Whipple  truss. 

In  1861  Mr.  J.  H.  Linville  first  used  wide  forged  eye-bars  and  wrought-iron  posts  in  the 
web  system.     He  still  retained  the  cast-iron  upper  chord. 

To  Messrs.  Whipple,  Murphy,  and  Linville,  therefore,  is  largely  due  the  credit  for 
establishing  in  this  country  the  distinctive  practice  of  eye-bar  and  pin  connections  which  are 
still  used  here  on  all  long-span  iron  bridges. 


Fig.  IX 

From  1865  to  1880  a  great  many  railroad  and  highway  bridges  were  built  under  patents 
granted  to  Mr.  S.  S.  Post,  all  being  of  the  style  shown  in  Fig.  12.  This  truss  is  known  as  the 
Post  truss,  its  distinctive  feature  being  that  the  web  struts,  instead  of  standing  vertically,  have 
a  horizontal  run  of  one  half  a  panel  length,  while  the  ties  have  a  horizontal  run  of  one  and 
one-half  panel  lengths.  The  theoretical  economy  from  this  arrangement  is  now  thought  to  be 
offset  by  corresponding  practical  disadvantages  and  the  truss  is  no  longer  built. 

Since  this  historical  account  treats  only  of  truss  forms,  no  mention  is  made  of  the  early 
cast-iron  arch-bridges,  and  of  iron-link  and  wire  suspension-bridges,  many  kinds  of  which,  of 
long  spans,  preceded  the  introduction  of  the  truss  proper.  In  fact,  in  England  and  on  the 
Continent  the  truss  developed  out  of  a  combination  of  the  arch  and  suspension  systems,  cast- 
iron  being  used  in  the  arched  upper  chord,  and  wrought-iron  links  in  the  curved  lower  chord, 
the  two  being  rigidly  held  with  vertical  struts  and  diagonal  tie-rods. 

Since  about  1870  cast-iron  has  been  entirely  abandoned  in  America  in  the  construction  of 
railroad  bridges,  and  since  about  1880  in  highway  bridges  as  well. 

were  at  first  made  of  the  same  size  from  end  to  end.  Mr.  Whipple's  work  is  preserved  in  a  small  book  of  120  pp. 
entitled  "  A  Work  on  Bridge  Building,  consisting  of  Two  Essays,  the  one  elementary  and  general,  the  other  giving 
Original  Plans  and  Practical  Details  for  Iron  and  Wooden  Bridges.     By  S.  Whipple,  C.E.     Utica,  N.  Y.,  1847." 

This  is  a  remarkable  work.  The  author  not  only  has  correctly  analyzed  bridges  for  both  static  and  moving  loads, 
correctly  dimensioning  all  members,  including  the  counters,  but  he  computes  the  total  "strain-lengths"  of  various 
styles  of  bridges  and  compares  their  relative  weights  in  this  manner.  He  also  gives  a  very  good  column  formula, 
finds  the  best  ratio  of  panel  length  to  height  of  truss,  and  of  height  of  truss  to  length,  and  compares  the  relative  cost 
of  wood  and  iron  bridges.  There  are  ten  plates  of  details,  including  his  first  designs  for  the  double-intersection  iron 
truss  since  called  by  his  name.  His  methods  of  analysis  were  graphical  but  strictly  correct.  He  was  the  first  to  use 
r>in-connections  in  the  bottom  chord,  and  his  designs  for  this  wrought-iron  pin-joint  are  extremely  interesting. 

This  book  had  been  published  three  or  four  years  when  Hermann  Haupt  wrote  his  work  on  bridges.     Apparent) « 
Mr.  Haupt  had  never  seen  a  copy  of  it,  since  he  claims  his  work  as  original  also,  and  there  is  no  internal  evidence 
that  he  had  seen  Whipple's  book.     His  methods  of  analysis  are  much  cruder  than  Mr.  Whipple's  and  far  less  complete. 

The  theory  of  the  stone  arch,  and  of  arch  and  suspension  bridges  under  fixed   or  uniform  loads,  was  early  \ 
developed,  but  the  true  theory  of  truss  action  seems  to  have  originated  with   Mr.   Whipple.     His  manuscript  was 
written  in  1846.     S^t  Development  of  the  Iron  Bridge.hy  S.  Whipple  in  A'.  A*.  Gazette^  Apr.  19,  1889;  and  Discussion  by 
A.  P.   Boiler  in    Transactions  Am,  Soc.  Civ,  Engrs.   Vol.  XXV,  p.  362.     Also  American  R.  R,  Bridges^  by  Theodore 
Cooper,  Trans,  Am.  Soc.  Civ.  Engrs.  Vol.  XXI,  p-  I. 
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The  favorite  style  of  truss  now  for  moderate  spans  for  all  purposes  is  the  Pratt  truss 
(Fig.  i).  It  was  patented  in  1844  by  Thomas  W.  and  Caleb  Pratt  as  a  combination  wood  and 
iron  bridge.  It  was  a  variation  from  the  Howe  truss  in  that  the  diagonals  were  of  iron  and 
used  in  tension,  while  the  verticals  were  struts  and  were  made  of  timber.  It  never  became  a 
popular  style  until  wrought-iron  came  to  be  used  exclusively  in  bridge  construction,  when  it 
was  found  to  have  advantages  over  all  other  forms.  It  will  be  fully  developed  in  the  body  of 
this  work.* 

In  closing  this  short  account  of  the  development  of  the  idea  of  the  simple  truss,  it  should 
be  said  that  only  within  the  last  twenty-five  or  thirty  years  have  the  mathematical  principles 
governing  the  distribution  of  stresses  in  a  truss  been  generally  understood,  and  for  a  still 
shorter  period  has  the  actual  strength  of  full-sized  members  and  joints  been  even  approxi- 
mately known.  All  the  earlier  examples  of  bridge  construction  were  designed  and  executed 
by  carpenters  and  mechanics  wholly  ignorant  either  of  the  values  of  the  stresses  or  of  the 
strength  of  the  parts,  except  as  experience  had  educated  their  judgments  of  what  would 
probably  serve  the  purpose.  They  are  deserving,  therefore,  of  high  honor  for  the  great  works 
they  were  able  to  build  without  any  of  those  scientific  aids  now  offered  to  every  student  in 
our  numerous  engineering  schools. 


*  No  historical  account  of  American  iron  bridges  would  be  complete  without  some  notice  of  the  efforts  of  Thomas 
Paine  to  introduce  long  cast-iron  arch-bridges  of  low  rise.  As  early  as  1786  he  advocated  the  use  of  cast-iron  for  long 
arch-bridges,  with  a  rise  of  about  one  twentieth  of  the  span ;  and  he  had  such  arches  made  and  tested  at  his  own  expense 
90  feet  in  length,  as  models  for  a  400-foot  span  which  he  urged  Congress  to  build  as  an  example  to  educate  the  public. 
The  Academy  of  Sciences  of  Paris  reported  favorably  on  his  design  for  this  length  of  span,  but  his  model  was  sold  for 
debt  and  afterwards  used  in  England.     He  never  took  out  a  patent,  his  object  being  purely  benevolent. 
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CHAPTER   II. 
APPLICATION  OF  THE  LAWS  OF  EQUILIBRIUM  TO  FRAMED  STRUCTURES. 

DEFINITIONS. 

20.  Forces  are  concurrent  when  their  lines  of  action  meet  in  a  point ;  non-concurrent 
when  their  lines  of  action  do  not  so  meet. 

Forces  may  also  be  coplanar,  that  is,  lying  in  the  same  plane ;  or  nan-coplanar,  lying  in 
different  planes.     Coplanar  forces  only  will  be  here  considered. 

A  force  is  fully  defined  when  its  amount^  its  direction^  and  its  position  are  known. 

21.  The  Moment  of  a  Force  about  a  point  is  its  tendency  to  produce  rotation  about 
that  point.  It  is  measured  by  the  product  of  the  magnitude  of  the  force  into  the  perpendicular 
dropped  from  the  point  upon  the  line  of  action  of  the  force. 

22.  A  Couple  is  a  pair  of  equal  and  opposite  forces  having  different  lines  of  action. 

23.  Equilibrium. — A  system  of  forces  acting  upon  a  body  is  in  equilibrium,  or  balanced, 
when  the  state  of  motion  of  the  body  is  not  thereby  changed ;  e.g.,  a  body  at  rest  or  moving 
at  a  uniform  velocity  is  being  acted  upon  by  a  balanced  system  of  forces.  The  body  also  is 
said  to  be  in  equilibrium. 

As  we  distinguish  two  kinds  of  motion,  translation  and  rotation,  so  we  may  distinguish 
two  kinds  of  equilibrium,  equilibrium  of  translation  and  equilibrium  of  rotation.  A  body  to 
be  in  complete  equilibrium  must  be  so  in  both  these  senses,  and  one  does  not  imply  the 
other. 

24.  The  Resultant  of  a  system  of  forces  is  a  single  force  which  will  replace  that  system 
as  regards  its  effect  upon  the  state  of  motion  of  the  body  acted  upon.  A  force  equal  and 
opposite  to  the  resultant  will  balance  the  resultant  and  therefore  the  original  system.  In  the 
single  case  where  the  system  reduces  to  a  couple  no  one  force  will  replace  the  system. 

For  equilibrium  of  translation  the  resultant  must  equal  zero.  For  equilibrium  of  rotation 
the  sum  of  the  moments  of  the  forces  about  any  point  must  equal  zero. 


RESULTANT  AND  EQUILIBRIUM  OF  CONCURRENT  FORCES, 

25.  Graphically. — Let  P,  . .  .  Z^,  Fig.  13  (a),  be  a  system  of  concurrent  forces  applied  at 
A.    Their  resultant  may  be  found  as  follows  : 

Lay  off  Oi,  Fig.  13  {b\  equal  by  scale  to  P,  and  having  the  same  direction,  then  from  i 
lay  off  1-2  equal  and  parallel  to  P^ .  By  the  principle  of  the  parallelogram  of  forces,  O2  is  the 
resultant  of  P^  and  P^  in  amount  and  direction.     Similarly,  by  laying  off  2-3,  3-4,  and  4-5  J 

equal  and  parallel  to  P^,  P^,  and  P.,  respectively,  we  have  O3  equal  to  the  resultant  of /\, 
P^ ,  and  P. ;  O4.  the  resultant  of  P,,  P^,P^,  and  P, ;  and  finally  O^  equal  to  the  resuhant  of 
our  given  system  in  amount  and  direction.     Its  point  of  application  is  A. 

The  order  in  which  the  forces  are  laid  off  in  {b)  is  immaterial,  as  each  force  will  evidently 
have  the  same  effect  upon  the  final  position  of  a  point  following  around  the  figure  in  whatever 
part  of  the  path  the  force  occurs.  Thus  the  order  P,,  P.,  P,,  -P.,  and  P^  gives  the  figure 
Oi'2'3'4  5.  We  must,  however,  be  careful  to  draw  each  force  in  its  true  direction;  e.g.,  P^ 
must  be  drawn  from  2  towards  3,  and  not  from  a  towards  3''. 


IS 
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A  figure  such  as  Fig.  13  {i)  is  called  a  Force  Polygon. 

Since  R  is  the  resultant  of  P,  .  . .  /\ ,  if  we  apply  a  force  R  at  A^  equal  and  opposite  to 
R^  the  forces  R\  P^. .  .  P^  will  form  a  balanced  system.    This  is  seen  to  be  true  from  the 


force  polygon  also,  for  since  $0  \s  equal  and  parallel  to  R!y  the  resultant  of  the  system 
P^  . .  ,  P^,  K  is  zero,  and  therefore  we  have  equilibrium  of  translation.  Equilibrium  of 
rotation  is  not  in  question,  the  forces  being  concurrent.  Expressed  graphically,  the  only 
condition  necessary  for  equilibrium  of  a  system  of  concurrent  forces  is  that  thtir  force  polygon 
must  close. 

To  sum  up,  we  may  state  that  the  resultant  of  a  system  of  concurrent  forces  is  given  in 
amount  and  direction  by  the  closing  line  of  the  force-polygon,  this  closing  line  being  drawn 
from  the  origin  to  the  end  of  the  last  force ;  and  the  force  necessary  to  balance  the  given 
system  is  given  by  this  same  closing  line  drawn  in  the  opposite  direction.  The  resultant  is 
simply  the  shortest  way  of  passing  from  the  origin  of  our  roundabout  system  to  its  end.  Any 
system  of  concurrent  forces  with  its  force  polygon  beginning  at  O  and  ending  at  5  would  be 
equivalent  to  the  given  system,  and  if  beginning  at  5  and  ending  at  O  would  balance  the 
system.  Moreover,  each  of  the  forces  in  a  closed  polygon  is  equal  and  opposite  to  the 
resultant  of  all  the  other  forces. 

26.  Algebraically. — Take  the  same  system  of  forces  as  before.  Fig.  14.     Resolve  each 

force  into  horizontal  and  vertical  components  (a«y  two 
directions  at  right  angles  will  do  as  well),  or  along  the 
axis  of  X  and  the  axis  of  Y  respectively.  These  com- 
ponents form  a  system  equivalent  to  the  given  system. 
Let  2  hor.  comp.  be  the  algebraic  sum  of  the  horizontal 
components,  =  //  in  the  figure,  and  2  vert.  comp.  that 
of  the  vertical  components,  =  Fin  figure.  The  result- 
ant, R,  in  amount  is  evidently  equal  to 


V{2  hor.  comp.)*  +  (2  vert.  comp.)*. 

The  tangent  of  the  angle  between  R  and  the  axis  of  Y  is 

,       2  hor.  comp.  ,    .        r>  .     1  .      1  • 

given  by  ^^^i — — ,  and  thus  R  is  determined  in 

^  •'2,  vert.  comp. 

^^'  '^*  amount  and  direction.     Its  point  of  application  is  A  as 

Defore,  whence  it  becomes  fully  known. 
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For  equilibrium,  R  must  be  zero,  or  V'(-^'  hor.  comp.)'  +  (2  vert,  comp.)'  =.  o>  which 
requires  that 

2  hor.  comp.  =0, (i) 

and 

2  vert.  comp.  =  0. (2) 

These  two  equations  express  algebraically  the  condition  we  have  already  expressed  graphically 
by  requiring  that  the  force  polygon  must  close.  Referring  to  Fig.  13  {b\  we  see  that  '2  hor. 
comp.  is  the  net  horizontal  displacement  in  passing  from  O  to  5,=  B^,  and  that  -2  vert.  comp. 

is  the  net  vertical  displacement,  =  OB  \  also  that  -ff  =  i^(2  hor.  comp.)' +  (-2  vert.  comp.)'. 
For  equilibrium,  R  =  o, 

27.  Remarks. — The  foregoing  conditions  of  equilibrium  are  precisely  similar  to  the 
conditions  necessary  to  a  balanced  land-survey.  As  there,  the  plot  must  close,  or  the 
latitudes  and  departures  must  each  sum  up  zero,  so  here,  our  force  polygon  must  close,  or 
-2".  hor.  comp.  =  o  and  2  vert.  comp.  =  o.  And  further,  as  we  can  supply  two  unknown  quan- 
tities in  the  former  case,  so  here,  having  a  system  in  equilibrium,  we  can,  either  graphically  or 
by  the  use  of  the  above  equations,  compute  two  unknowns.  They  may  be  either  the 
amounts  or  directions  of  two  forces,  the  amount  of  one  and  the  direction  of  another,  or  the 
amount  and  direction  of  one. 


Fig.  15. 


RESULTANT  AND   EQUILIBRIUM   OF  NON-CONCURRENT  FORCES. 

28.  Graphically. — Let  P^.  .  .  P^,  Fig.  15,  be  a  system  of 
non-concurrent  forces.  Required  their  resultant  and  condi- 
tions of  equilibrium. 

We  can  combine  P^  with  P^ ,  getting  their  resultant  /?, ,  then 
this  resultant  with /^,,  getting^,,  and  finally -^^  with /*,, getting 
R,,  the  resultant  of  the  entire  system  in  amount,  direction,  and 
position.  To  save  drawing  the  separate  parallelograms  we  may  p^ 
construct  a  force  polygon  as  in  Fig.  16  (d),  and  draw  the  lines 
O2,  6>3,  and  O4,  these  being  the  resultants,  R^^  R,,  and  /?,,  in 
amount  and  direction.  Then  from  Ay  the  intersection  of  P^  and 
P,,  draw  AB  parallel  to  R^ ,  and  from  the  intersection  of  AB 

with  P^  draw  BC  parallel  to  R^^  and  lastly  CD  parallel 
to  R^,     The  line  CD  will  be  the  line  of  action  of  R, 
whose  amount  and  direction  are  given  in  the  force 
polygon. 
jf  i  I  /     \-  2  The  figure  ABCD  is  called  an  equilibrium  polygon^ 

^\    /p,  /        \d     ^/ji  *       «^"^  ^^y  ^^»  ^"d  CD  are  its  segments.     The  point  jO 

^^^{\i\  is  called  Wi^ pole,  and  R^,  R^,  and  R^  are  rays,  of  the 
force  polygon  ;    (91  2  3  4  is  called  the  load  line. 

To  cause  equilibrium  there  must  be  a  force  7?/, 
equal  and  opposite  to  -/?,  and  applied  in  the  line  CD. 
Graphically  then,  for  equilibrium  of  non-concurrent 
forces,  the  force  polygon   must  close,  giving   equilib- 
rium of  translation,  and  the  last  force  must  coincide  with  the  last  segment  of  the  equilibrium 
polygon,  giving  equilibrium  of  rotation.     It  is  important  to  remember  that  each  segment  of  an 
equilibrium  polygon  is  the  line  of  action  of  the  resultant  of  all  the  forces  to  the  left  of  that 


/• 


(a) 
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Fig.  16. 
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segment;  and  if  the  system  is  a  balanced  one,  it  is  as  well  the  line  of  action  of  the  resultant 
of  all  the  forces  upon  either  side  of  that  segment.  When  the  forces  are  parallel  or  nearly  so, 
a  special  expedient  is  necessary  to  enable  us  to  draw  an  equilibrium  polygon.  This  case  is 
treated  of  in  Arts.  37-44. 

29.  Algebraically. — Resolve  the  forces  into  horizontal  and  vertical  components^as  in  the 

case  of  concurrent  forces.     The  amount  of  the  resultant, 

R,  is  given  by  V  (2  hor.  comp.)'  +  (-2  vert,  comp.)' ;  its 

,.      ,.      ,     -2  hor.  comp.      ,     ,. 

direction  by  ^r? — -f-      Its  line  of  action  is  found 

^  vert.  comp. 

by  putting  its  moment  about  A,  equal  to  the  sum  of 
the  moments  of  the  given  forces,  or  Ra  =  2  mom. 
To  cause  equilibrium  we  must  have  R^  or 


^/  (-2  hor.  comp.)'  +  (2  vert,  comp.)',  =  o, 

giving  equilibrium  of  translation,  and  the  sum  of  the 
moments,  or  2  mom.,  =  o,  giving  equilibrium  of  rotation.  This  g^ves  us  three  equations  of 
equilibrium : 

-2  hor.  comp.  =0, (3) 

-2  vert.  comp.  =  o,..,«.« (4) 

2  mom.  =0, (5) 

which  hold  true  for  any  system  of  non-concurrent  forces  in  equilibrium,  and  hence,  having 
such  a  system,  we  can  in  general  determine  three  unknowns.  As  the  forces  are  as  a  rule 
known  in  position  and  direction  from  other  considerations,  the  unknowns  are  usually  the 
amounts  of  three  forces.  If,  however,  the  three  unknown  forces  themselves  meet  in  a  point, 
they  are  indeterminate  ;  for,  since  the  system  is  by  supposition  in  equilibrium,  the  resultant  of 
the  known  forces  must  pass  through  the  same  point,  and  the  system  is  for  our  purposes  a  con- 
current one,  and  we  have  but  two  independent  equations.  Instead  of  the  first  two  equations 
above,  it  is  often  more  convenient  to  write  two  other  moment  equations,  taking  a  new  centre 
of  moments  each  time.     Equations  (3)  and  (4)  are  then  not  independent. 

APPLICATION    OF    THE    EQUATIONS    OF    EQUILIBRIUM. 

30.  Methods. — In  determining  the  stresses  in  framed  structures  there  are  three  general 
methods  of  applying  the  equations  of  equilibrium. 

1st.     To  the  structure  as  a  whole. 

2d.  To  any  single  joint. 

3d.  By  passing  a  section  through  the  structure,  removing  one  portion  and  applying  the 
equations  of  equilibrium  to  the  remaining  portion,  the  stresses  in  the  members  cut  being 
replaced  by  equal  external  forces.     This  is  known  as  the  method  of  sections. 

I.  Algebraical  Application. 

31.  First  To  the  Structure  as  a  Whole. — The  external  forces  acting  upon  a  structure 
in  equilibrium  form  a  balanced  system,  to  which  may  be  applied  the  three  equations  of 
equilibrium  of  Art.  29.  We  can  therefore  in  general  fully  determine  these  external  forces, 
provided  there  are  not  more  than  three  unknown. 
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Example  i.  Suppose  the  roof-truss  in  Fig.  i8  to  be  acted  upon  by  the  wind-pressure, 
W,  acting  normally  to  the  roof ;  the  weight,  G,  of  the  roof  and  truss  applied  at  their  centre 
of  gravity  and  acting  downwards ;  and 
the  abutment  reactions  as  yet  un- 
known in  direction  or  amount.  These 
comprise  all  the  external  forces. 

Fig.  19  shows  the  truss  free  from 
the  abutments,  with  the  abutment 
reactions,  R'  and  K'y  put  in.  The 
left  end  of  the  truss  is  supposed  to  rest  upon  lollers,  the  abutment  at  B  taking  all  the 
horizontal  thrust  due  to  wind.  This  being  the  case,  R  will  be  vertical  and  R'^  inclined  at 
some  angle  6  with  the  vertical.  The  unknowns  are  R\  R\  and  0.  Applying  our  three  equa- 
tions of  equilibrium :  2  hor.  comp.  =  o  gives    - 


JFsin  «--«'' sin  ^=rO: 


W 


2  vert.  comp.  =  o  gives 


(^ 


2  mom.  about  £  =  O  gives 


Rl-GxV-  Wa^O. 


From  (c) 


R  = 


Wa  +  iGl 


(^) 


(^) 


From  (a) 
From  {d)  and  {d) 


Il"sin0=lVsma. {/) 


Wa  +  hGl 
R'  cos  6  =  Wcos  a  +  G T^' 

R'  sin  e 


and  since  R'  =  VR^  sin*  d  +  R''  cos*  6,  and  tan  6  =  ^^, ^,  therefore  R,  R\  and  tf 

K     cos  u 

are  readily  found. 

In  the  above  example  we  have  for  convenience  called  forces  to  the  right,  and  upwards, 
and  moments  tending  to  produce  rotation  with  the  hands  of  a  watch, /^«ViW/  and  those  in 
the  opposite  directions,  negative.  The  opposite  convention  would  do  as  well,  the  only  thing 
necessary  being  to  introduce  opposite  forces  and  opposite  moments  with  unlike  signs. 

Example  2.  Bridge-truss  (Fig.  20)  with  three  loads,  each  =  10,000  lbs.  Required  the 
abutment  reactions.     Rollers  at  A,     Weight  of  truss,  G,  =  30,000  lbs. 


FlO.  31. 


Fig.  21  shows  the  truss  free  with  all  external  forces  put  in.    There  being  rollers  at  A, 
^' will  be  vertical;  /?"  will  make  some  angle  6'with  the  vertical.     It  will  usually  be  more 
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convenient  to  deal  with  the  hor.  and  vert,  components  of  forces  whose  directions  are 
unknown,  the  unknowns  then  being  these  components  in  amount.  Our  unknowns  are  thus 
R^  Ra\  And  Rw^.    Appfying  now  our  equations  of  equilibrium :  2  hor.  comp.  =  O  gives 


o^    or    iBi 


This  result  might  readily  have  been  foreseen  by  inspection,  there  being  no  other  horizontal 
force.  In  arriving  at  conclusions  by  inspection  we  must,  however,  be  very  careful  to  see  that 
they  are  based  upon  some  one  of  the  three  conditions  of  equilibrium,  and  where  the  result 
is  doubtful  we  should  always  return  to  the  rigid  method, — consider  the  structure  by  itself,  put 
in  all  forces,  and  write  out  in  detail  the  equations  of  equilibrium. 

Returning  to  the  example : — ^An  equation  of  moments  about  ^  as  a  centre  will  give  R 
directly,  after  which  Ry'  can  be  found  by  a  second  moment  equation  with  A  as  centre,  or  by 
'S  vert.  comp.  =  o. 

Example  3  (Fig.  22).  Hinges  at  A^  B,  and  C.  Loads  P^  and  P^ ;  weight  of  structure 
n^lected.    What  are  the  reactions  at  A  and  B^  also  the  hinge  reaction  at  C  ?    In  n^lecting 


i 


the  weight  of  the  structure  the  problem  is  to  lind  that  portion  of  the  reactions  due  to  the 
loads  /',  and  Z',.  The  portion  due  to  the  weight  may  be  found  separately  and  combined  with 
the  other,  giving  the  total  reactions. 

There  being  a  hinge  at  C,  allowing  one  part  of  the  structure  to  turn  freely  upon  the 
other,  we  have  two  separate  framed  structures,  AC  and  CBy  to  which  may  be  applied  the 
conditions  of  equilibrium.     Fig.  23  shows  each  structure  separated  and  the  external  forces 


Fta.  t^ 


put  in,  the  vert,  and  hor.  components  of  the  unknown  forces  being  indicated.    At  C  we 
have  a  simple  case  of  action  and  reaction, — the  forces  acting  upon  the  two  portions  are  equal 
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and  opposite.     We  have  now  six  unknown  quantities  and  can  write  three  equations  for  each 
structure.     For  the  left-hand  structure,  '2  vert.  comp.  =  o  gives  us 


Rr'  —  P%-Rv"-0\ ,    .    .    (a) 


2  hor.  comp.  =  o  gives 


Ra'-RtT'^O 


(*) 


2  mom.  about  C  —  o  gives 


Rv  X  V-  P.  X  f,  -  ^/f'  X  A =a 


(d 


For  the  right-hand  structure,  2  vert.  comp.  =  o  gives 


Ry'  "h Ry"  —  /'iSsO;    •    •    •    •    •    •    •    •    (») 


2  hor.  comp.  =  o  gives 


2  monL  about  C  =  o  gives 


Rj,'"  -  A  " 


>■* 


=  o; 


P,  X Ct-^-Ru" Xk- Ry" X ii—o. 


W 


(/) 


These  six  equations  are  readily  solved  for  the  six  unknowns.  From  (S)  and  {e)  we  have  at 
once,  Rff  =  Rh^'  =  Rh\  a  result  evident  from  inspection. 

In  this  example  let  P^  =  looo  lbs.,  P,  =  2000  lbs.,  /  =  loo  ft.,  c^  =  lo  ft.,  ^,  =  15  ft.,  and 
>fc  =  40  ft.     What  are  the  numerical  values  of  the  reactions? 

Note, — The  value  of  Ry^'  should  come  out  =  —  300  lbs.  The  minus  sign  merely  indi- 
cates that  the  direction  of  Ry^'  has  been  wrongly  assumed ;  it  should  act  upwards  on  the 
portion  AC. 

The  above  problem  may  be  solved  more  directly  as  follows :  Since  the  entire  structure, 
ACBy  is  in  equilibrium,  our  equations  will  apply  as  well  to  it.  The  external  forces  are  R^^ 
Ry\  P,,  P^y  Rh\  and  Ry\     2  mom.  about  ^  =  o  gives 

p.  X  (iZ-O+z*.  X  (i/+o-i?F"  X  /=0k 

from  which  Ry'  is  found.     2  vert.  comp.  =  o  gives 

from  which  we  get  Ry  at  once.  To  get  7?^',  Rh'\  Rv'\  and  R^'.  we  must  pass  to  the  single 
structure,  ACj  or  CB^  whence  these  unknowns  are  readily  found. 


Pig.  24. 


Example  4.  Cantilever  bridge.   Joints  at  A,  B,  C  and  D.    Loads  as  shown  ;   weight  of  bridge  neglected. 
P  5=  10,000  lbs.     Find  reactions  at  C  D,  E,  and  F.     Notice  that  here  we  have  three  independent  structures. 
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32.  Second.  To  Single  Joints  to  Find  Stresses. — Since  all  parts  of  a  structure  at 
rest  are  in  equilibrium,  we  may  evidently  apply  the  laws  of  equilibrium  to  the  forces  acting 
upon  any  portion  of  that  structure.  That  portion  may  be  a  single  joint,  a  single  member  or 
part  of  a  member,  or  it  may  include  several  joints  and  members.  The  forces  acting  upon  the 
portion  may  be  part  external  forces  and  part  internal  forces  or  stresses,  or  they  may  be  wholly 
stresses.     Fig.  25  illustrates  five  different  portions  of  the  roof-truss,  to  which  may  be  applied 

the  equations  of  equilibrium.  The  letters  5", ,  S^,  etc.,  denote 
forces  due  to  stresses  in  the  members  cut ;  the  direction  in 
which  they  act  along  the  members,  whether  towards  or  away 
from  the  portion  considered,  is  known  only  after  solution. 

Example  i.  Let  it  be  required  to  find  the  stresses  in  all 
the  members  of  the  above  truss ;  loads  as  shown. 

We  must  first  find  the  abutment  reaction  at  A  or  -5,  treat- 
ing the  structure  as  a  whole.  2  mom.  about  B  =  o  gives 
iJ7_  iv/-  Wx  i/=  o,  from  which  R  =  ^W. 

In  treating  now  of  single  joints  we  are  dealing  with  con- 
current forces,  hence  we  have  but  two  independent  equations 
at  our  disposal  and  can  therefore  find  but  two  unknown  forces. 
After  finding  R'  there  are  but  two  unknown  forces  acting  at 
A,  viz.,  the  stresses  in  AC  and  AD.  Separating  this  joint.  Fig. 
25  {d)f  and  replacing  these  stresses  by  the  forces  S^  and  5,.  as- 
suming them  to  act  as  shown,  we  are  ready  to  apply  our  equa- 
tions of  condition.     2  vert.  comp.  =  o  gives 

R^  ^  fr-5,cos6^  +  5,cosa  =  a 
2  hor.  comp.  =  o  gives 

S,  sin  df  —  5,  sin  ^  =  o. 

From  these  two  equations  5,  and  5,  are  easily  found.  If  the  result  in  either  case  is  nega- 
tive, then  we  have  assumed  our  force  in  the  wrong  direction.*  Now  S;  being  the  force  exerted 
upon  the  lower  end  of  AC  iy  the  upper  end,  the  direction  of  the  arrow  indicates  compression  in 
AC.    Similarly,  AD  is  in  tension  by  the  amount  5, ,  assuming  the  direction  indicated  as  correct. 

Having  found  the  stress  in-^Cwe  may  pass  to  the  joint  C.  The  unknowns  are  the 
stresses  in  CD  and  CB.  In  Fig.  25  {c)  the  joint  is  shown  free  with  all  forces  put  in  ;  S, 
will  point  towards  C,  AC  being  now  known  to  be  in  compression.  Assume  either  direction 
for  5,  and  5, .  As  before,  2  vert.  comp.  =  o  gives  S,  cos  ^  +  5,  cos  6^  —  fT  —  5,  =  o  and 
2  hor.  comp.  =  o  gives  5,  sin  <9  —  5,  sin  6^  =  o,  from  which  5,  and  5,  may  be  found. 

We  may  then  pass  to  D  or  jff,  there  being  one  unknown  at  D  and  two  at  B^  one  of  which 
is  the  abutment  reaction. 


Fig.  25. 
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The  stresses  in  all  the  members  are  thus  found  by  treating  single  joints  in  succession, 
always  dealing  with  joints  at  which  not  more  than  two  unknown  forces  are  acting. 
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Fig.  28. 


Example  2.  Let  it  be  required  to  find  the  stresses  in  all  the  members  of  the  truss  in 
Fig.  26 ;  P—  5000  lbs.,  /  =  50  ft,  CG  =   10  ft. 

If  the  foregoing  problem  has  been  carefully  followed,  the  student  will  have  no  difficulty 
in   solving  this  or  any  similar  problem. 

In  example  2  we  may  find,  if  desired,  the  stresses  in  BF  and  DH  at  once,  thus :  Fig. 
27  {a)  represents  the  joint  B  free;  ^i,^,,  and  5,  are  the  stresses  in  the  members  cut. 
2  vert.  comp.  =  o  gives  at  once  5,  —  -P  =  o,  or  5,  =  P;  likewise  in  Fig.  (d),  S^  =  P. 

In  general  we  see  that  if  two  of  three  unknown  forces  have  the  same  line  of  action,  the 
third  may  always  be  determined  by  putting  2  comp.  perpendicular  to  this  line  of  action  =  a 
This  principle  is  a  very  useful  one.  In  the  example  above,  after  finding  the  stress  in  BF,  we 
can  find  that  in  FC  by  equating  components  perpendicular  to  ^G^  at  joint  i^  =  o.  In  like 
manner  CH  can  be  found,  and  finally  CG. 

Example  3.  Find  the  stresses  in  all  the  members  of  the  first  two 
panels  in  Fig.  20,  Art.  31. 

Example  4.  Roof-truss  (Fig.  28).  P  =  2000  lbs.,  B  =  45°.  a  =  60**, 
/  =  60  ft.     Find  the  stresses  in  all  the  members. 

No/e, — Begin  at  D  and  find  stress  in  DF,  then  pass  to  F,  A,  etc. 

33.  Third.  Method  of  Sections. — In  this  method,  in- 
stead of  taking  single  joints,  a  section  is  passed  through  the 
structure  cutting  the  members  whose  stresses  are  desired,  and 
the  equations  of  equilibrium  applied  to  one  of  the  portions 
into  which  the  structure  is  thus  divided.  A  part  of  the  forces 
are  thus  external  forces,  and  a  part  are  due  to  stresses  in  the 
members  cut.  The  portion  of  the  structure  considered  usually  includes  several  joints,  and 
thus  the  forces  are  in  general  non-concurrent.  This  gives  us  three  equations  of  equilibriuin, 
and  hence  if  we  cut  but  three  members  (not  meeting  in  a  point)  whose  stresses  are  unknown, 
these  stresses  may  be  found. 

Another  way  of  stating  the  equilibrium  existing  between  the  forces  acting  upon  either 
portion  of  the  structure,  is  to  say  that  the  stresses  in  any  section  hold  in  equilibrium  the 
external  forces  acting  upon  either  side  of  that  section.     Or,  more  in  detail, 

2  vert.  comp.  external  forces  =  2  vert.  comp.  internal  forces; 
2  hor.  comp.  external  forces  =  2  hor.  comp.  internal  forces ; 
2  mom.  external  forces  =  2  mom.  internal  forces. 

The  equality  is,  however,  one  of  numerical  value  but  not  of  sign,  as  is  seen  by  comparison 

with  the  fundamental  equations  of  equilibriuni. 

Example  1  (same  truss  as  in  Fig.  26).  Re- 
quired the  stresses  in  BC,  FCy  and  FG.  We  first  find 
the  abutment  reaction,  R\  by  methods  already  given. 
Passing  a  section  through  the  above  members,  separat- 
ing the  portion  to  the  left,  and  replacing  the  stresses  in 
the  members  cut  by  the  forces  5,,  5,,  and  5,,  Fig  30, 
we  may  now  apply  our  three  equations.  2  vert.  comp. 
=  o  gives  i?'—  -P+S,  sin  O—S,  sin  ^=  o;  2  hor. 
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comp.  =  o  gives  5,  cos  ^+^5',   cos  ^  —  5,  =0;  2  mom.  about  F=  o 
gives  K  X  AB  —  5,  X  BF  =  o.     These  three  equations  enable  us  to  find  ai 
the  unknown  stresses.     The  student  may  substitute  numerical  values. 

/?'  ^  A  R 
Notice  that  the  last  equation  gives  at  once  5,  =  — -^ — ,  the  centre 

of  moments  being  at  F,  the  intersection   of  5,  and  5,.     Similarly,  an 

equation  of  moments  with  centre  at  C  will  give  5,^  directly,  and  one  with  centre  at  A  will  give 


Fig.  30. 


20 


MODERN  FRAMED   STRUCTURES, 


n&sL 


5,';  thus  we  may  make  use  of  three  equations  of  moments.     The  lever-arms  of  the  forces 
when  not  directly  known  can  easily  be  computed  from  the  given  dimensions. 

Example  2.  Fig.  31  (same  truss  as  in  Fig.  28).     Find  the  stresses  in  all  the  members 

by  the  method  of  sections. 

We  first  get  R  by  treating  the  structure  as  a  whole. 
Then  passing  a  section  mUy  cutting  but  three  members  not 
meeting  in  a  point,  we  separate  the  left-hand  portion,  put 
in  all   forces,  and  proceed   to  apply  our  three  equations, 

Fig.  32  {a\ 

We  may  use  three  moment  equations,  taking  for  centres 

of  moments  the  points^,  AT,  and  C  successively ;  or,  as  some 

of  the  lever-arms  are  tedious  to  compute,  a  better  method 

would  be  to  compute  5,  by  a  moment   equation,   centre 

moments  at  C*,  then  use  the  other  equations,  the  angles  B  and  a 

being  given.     In  any  case  that  equation  should  be  used  which 

gives  the  result  sought  in  the  simplest  way. 

Now  5,,  5,,  and  5,  being  known,  a  section  op  through  DC^ 
DF,  AF^  and  AB  cuts  but  two  pieces  whose  stresses  are  un- 
known, Fig.  {by  Moment  equations  with  D  and  A  as  centers 
then  give  S^  and  5,. 

The  stresses  in  AF  and  AB  having  been  found,  the  stress 
in  AD  is  readily  found  by  passing  a  section  through  these  three 
pieces,  or  what  is  the  sanie  thing,  treating  the  single  joint  A.  The  stresses  in  the  remaining 
members  are  found  by  methods  similar  to  the  preceding. 

It  is  often  expedient  to  combine  the  method  of  sections  with  the  preceding  method  ; 
thus  in  the  present  example  the  stress  in  AB  may  be  found  by  passing  the  section  mn,  affer 
which  we  may  pass  to  the  joint  Ay  and  thence  by  single  joints.  A  single  application  of  the 
method  of  sections  to  this  problem  to  get  the  stress  in  AB  thus  enables  us  to  apply  the  oti^er 
method  in  a  regular  way,  beginning  at  A  and  passing  to  other  joints  in  turn. 


Fig.  33. 
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Fig.  33. 


Fig.  34. 


Example  3.    Roof-truss  (Fig.  33)  P  =  3000  lbs.     Find  R'  and  R",  and  the  stresses  in  all  the  members. 
Example  4.     Bridge-truss  (Fig.  34)  P  =  5000  lbs.     Find  stresses  in  all  the  members  by  the  method  oi 
sections. 
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11.     Graphical  Application  of  the  Equations  of  Equilibrium.     (Art.  3a) 

The   Equilibrium    Polygon. 

34.  Conditions  of  Equilibrium  of  Non-concurrent  Forces  Restated. — Reproducing 
r  ig.  16  (see  Fig.  35),  R^  was  found  to  be  the  resultant  of 

P, ,  P, ,  P, ,  and  P^ ;  and  the  force  ^/,  such  a  force  as  would 
balance  these  four  forces,  thus  forming  a  system  in  equilib- 
rium. The  conditions  of  equilibrium  were  found  to  be,  first, 
that  the  force  polygon  must  close  ;  second,  that  the  posi- 
tion of  the  last  force  {R^)  must  coincide  with  the  last  seg- 
ment {CD)  of  the  equilibrium  polygon. 

It  was  also  noted  that  each  segment  of  the  equilibrium 
polygon  is  the  line  of  action  of  the  resultant  of  all  the 
forces  upon  either  side  of  that  segment.  This  resultant  is 
given  in  amount  by  that  ray  in  the  force  polygon  to  which 
this  segment  is  parallel.  Its  direction  is  from  O  when  it  is 
the  resultant  of  the  forces  on  the  left  of  the  segment,  and 
towards  O  when  it  is  the  resultant  of  the  forces  to  the  right. 

35.  Resolution  of  the  Forces, — Since  R,  is  the  result- 
ant of  P^  and  P,,  the  sum  of  the  horizontal  components  of 
P^  and  P,  is  evidently  equal  to  the  horizontal  projection  of 
^,,  and  the  sum  of  their  vertical  components  is  equal  to  the 

vertical  projection  of  i?,.  Similarly,  R^  with  respect  to  P^y  P^y  and  P^\  and  in  general,  the  sum 
of  the  horizontal  components  and  the  sum  of  the  vertical  components  of  all  the  forces  to  the  left 
of  any  segment  are  equal  respectively  to  the  horizontal  and  the  vertical  projections  of  the  ray  in 
the  force  polygon  to  which  this  segtnent  is  parallel, 

36.  Moments  of  the  Forces. — It  follows  from  what  has  already  been  shown,  that  the 
sum  of  the  moments  of  all  the  forces  to  the  left  of  any  segment,  as  BC^  about  any  point  a,  is 
equal  to  the  product  of  the  parallel  ray  in  the  force  polygon,  O3  (their  resultant),  multiplied 
by  the  perpendicular  distance,  ab^  from  the  point  to  the  segment  (the  line  of  action  of  the  re- 
sultant). Thus  the  sum  of  the  moments  of  P,  and  P^  about  a  =R^  X  clc\  of  Z',,  Z',,  -P,,  and 
P^  about  a'='  R^X  ad^  etc. 

Let  ac  be  drawn  vertically  through  a ;  also  project  R^  and  R^  upon  a  horizontal  line. 
Then  from  the  similar  triangles  abb'  and  O33',  we  have:  O3  X  ^^  =  O3'  X  eib\  or  the  sum  of 
the  moments  of  P^,  P^,  and/*,  about  a  =  O^  X  ab' ;  and  similarly  the  sum  of  the  moments  of 
P,  and  P,  about  a  =  O2'  X  ac\  We  have  then  this  useful  principle,  that  the  sum  of  the 
moments  of  the  forces  to  the  left  of  any  segment  about  any  point  is  equal  to  the  vertical  ordinate 
from  the  point  to  the  segment,  multiplied  by  the  horizontal  projection  of  the  corresponding  ray  in 
the  force  polygon.  It  is  evident  that  instead  of  vertical  ordinates  and  horizontal  projections 
we  may  use  any  two  directions  at  right  angles. 

The  foregoing  two  articles  apply  equally  well  to  the  forces  on  the  right  of  any  segment 
if  the  system  is  a  balanced  one. 

The  sign  of  the  moment,  or  the  direction  in  which  it  tends  to  turn  about  the  point,  is  at 
once  seen  when  we  remember  that  the  segment  is  the  line  of  action  of  the  resultant  of  the 
forces  in  question.  Thus  the  moment  of  /',  and  P^  about  a  is  right-handed  or  positive,  that  of 
Px^  P%i  P%i  2ind  P^  is  positive,  that  of  R^'  and  P^  is  negative,  etc. 
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Fig.  36. 


37.  Forces  Parallel  or  Nearly  so.— Given  the  forces  /\,  P,,  /\,  and  /'♦(Fig.  36);  re- 
quired their  resultant. 

The  force  polygon  (d)  gives  their  resultant,  I-J, 
in  amount  and  direction  ;  5-1  is  a  force  which  will 
balance  the  given  system.  Resolve  this  force  into  any 
two  components,  P"  and  Fy  by  drawing  the  triangle 
5(?i,  t?  being  chosen  so  as  to  give  fair  angles  at  i  and 
5.  These  components  together  with  the  given  system 
will  form  a  system  in  equilibrium,  provided  they  are 
inserted  in  Fig.  (a)  in  the  proper  position.  The  posi- 
tion of  one  of  them,  as  P\  may  be  chosen  at  will,  and 
the  other  will  be  given  in  position  by  the  last  seg- 
ment of  the  equilibrium  polygon  constructed  for  the 
forces F,  P^  .  .  .  P^y  with  O  as  the  pole  of  the  force 
polygon.  The  last  force  thus  coinciding  with  the 
last  segment,  and  our  force  polygon  closing,  equilib- 
rium is  assured.  The  intersection,  A^ofF  and  P"  h 
a  point  on  the  resultant  of  these  two  forces,  and 
since  5-1  gives  this  resultant  in  amount  and  direction,  it  is  therefore  fully  known.  It  is 
represented  by  F  in  Fig.  {a),  and  since  it  balances  P,  ,  .  .  P,,  an  equal  and  opposite  force, 
R,  is  the   required  resultant  of  our  given  system  in  amount,  direction  and  position. 

Corollary. — Since  the  resultant  of  all  the 
forces  up  to  any  segment  applied  along  that 
segment  would  balance  the  remaining  forces, 
it  follows  that  the  intersection  of  any  two  seg- 
ments of  an  equilibrium  polygon  is  a  point  on 
the  resultant  of  the  intermediate  forces."  Thus 
the  point  -ff  is  a  point  on  the  resultant  of  P^ 
and  P^ :  the  line  1-3  in  the  force  polygon  gives 
the  amount  and  direction  of  this  resultant. 

38.  Abutment  Reactions.— When  the 
given  system  of  forces  acts  upon  a  beam  or  frame- 
work supported  at  two  points,  the  abutment 
reactions  are  themselves  components  of  A'',  Fig. 
36,  and  it  is  these  two  components  that  are 
usually  desired.  One  point  in  each,  the  abut- 
ment, is  given,  and  also  usually  the  direction  of 
one ;  the  direction  of  the  other  and  the  magni- 
tudes pf  both,  follow  from  the  conditions  of 
equilibrium.  It  will  now  be  shown  how  these 
reactions  may  be  fully  determined. 

Let  the  forces  P^  .  .  .  P^  act  upon  any  rigid 
structure  ACB^  Fig.  37,  resting  upon  abut- 
ments at  A  and  B  (not  shown  in  the  figure). 
Suppose  the  end  B  to  rest  upon  rollers  and  the 
end  A  to  be  fixed ;  the  reaction  at  B  will  be 
vertical,  that  at  A  unknown  in  direction. 

Construct  the  force  polygon,  Fig.  (/>),  as  in  the  preceding  article,  choosing  any  point  0 
?s  pole.  Draw  the  corresponding  equilibrium  polygon,  AabcdB\  inserting  the  force  P'  at 
^;  if  is  the  intersection  of  P"  with   the  vertical  reaction  sit  B.     Draw  the  line  Aff. 


Fig.  37, 
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called  the  closing  line  of  the  equilibrium  polygon,  and  On  parallel  to  it,  meeting  a  vertical 
through  5,  at  «.  Join  n\.  We  have  now  resolved  P"  into  the  components  5«  and  «(?,  and 
P  into  On  and  «i.  Replacing  P^  and  P*  by  their  components,  inserted  at  jff'and  A  respec- 
tively, we  have  the  opposite  and  equal  forces  N*  and  N"  acting  along  the  same  line  AB'\ 
hence  they  balance  each  other  and  the  forces  T'  and  T^  must  alone  hold  P,  •  .  •  P^  in  equi- 
librium. They  are  therefore  the  required  reactions,  as  they  ftilfil  all  conditions.  That  they 
^re  components  of  5-1,  or  R\  is  seen  from  the  force  polygon. 

If  the  direction  of  T"  had  been  unknown  and  that  of  T'  known,  then  we  should  have 
begun  our  equilibrium  polygon  at  B  instead  of  at  Ay  and  worked  towards  the  left. 

If  both  ends  of  the  structure  are  fixed,  T'  and  T'  are  parallel,  which  can  be  true  only 
when  they  are  both  parallel  to  R'.^  In  that  case  we  know  the  direction  of  both  reactions  and 
our  equilibrium  polygon  need  not  pass  through  either -4  or  B  as  the  extremities  of  the  closing 
line  are  then  the  intersections  of  P'  and  /**  with  lines  through  A  and  B  parallel  to  R,  In  the 
above  problem,  under  those  conditions,  ^^' would  be  the  closing  line,  and  5«'  and  n'l  the 
abutment  reactions,  BB'^  being  parallel  to  5-1,  and  On'  parallel  to  AB''. 

39.  Resolution  of  the  Forces. — In  Fig.  37,  the  equal  and  opposite  forces  N'  and  N'  do 
not  really  act  upon  the  structure,  they  being  virtually  inserted  at  the  time  we  assume  a  con- 
venient pole.  They  do  not,  therefore,  enter  among  the  external  forces  in  finding  stresses  in 
the  structure.  It  must  be  borne  in  mind,  however,  that  these  forces  are  always  included  when 
we  speak  of  the  segments  of  the  equilibrium  polygon  as  being  the  lines  of  action  of  certain 
resultants. 

The  sum  of  the  vertical  and  the  sum  of  the  horizontal  components  of  all  forces,  actually 
acting  upon  the  structure  to' the  left  of  any  segment,  as  bc^  are  evidently  equal  to  the  vertical 
and  the  horizontal  projections,  respectively,  of  their  resultant,  «3.  If  the  force  N'  be  included, 
the  resultant  of  all  forces  to  the  left  of  be  is  (73,  the  vertical  and  horizontal  projections  of  which 
are  equal  to  the  sums  of  the  corresponding  components  of  the  forces. 

40.  Moments  of  the  Forces  (Fig.  37). — The  sum  of  the  moments  of  N\  T'y  and  P^ 
about  any  point  x  is,  as  in  Art.  36,  equal  to  the  vertical  ordinate  xy  multiplied  by  02\  O2* 
being  the  horizontal  component  of  the  resultant,  O2,  of  the  three  forces. 

If  now  we  wish  to  eliminate  the  moment  of  the  imaginary  force  N\  we  can  take  our  cen- 
tre of  moments  upon  AB\  its  line  of  action,  thereby  reducing  its  moment  to  zero.  Thus  the 
sum  of  the  moments  of   T'  and  P^  about  x^  =  x^  x  O2'  \  the  sum  of  their  moments 

I 


Fig.  38. 


about  .r,  =  x^y^  X  02\  etc.  To  get  their  moments  about  x,  \vc  draw  xx'  parallel  to  their 
resultant,  n2.  The  sum  of  their  moments  about  all  points  in  xx'  is  the  same,  hence  their 
moment  about  x  =  x'y  X  O2',  The  sign  of  this  moment  is  determined  by  applying  the  force 
O2  along  ixb\  as  this  force  acts  right-handed  about  x\  the  above  moment  is  positive. 

*  A   mort*  comtnoii   asMimption   and  one  wh'ch  in  most  proMenis  arising  in  practice  will  ])e  mon*  nearly  correct  is  the 
assumption  that  the  horizontal  componenU  of  V  «ind  V  are  equal.     The  exact  directions  of  the  reactions}  cannot  Ue  deter* 

min<?4  by  static9« 
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41.  Application  to  a  Beam.— Let  it  be  required  to  find  the  abutment  reactions,  T'  and 
7"',  of  the  beam  AB,  Fig.  38,  supporting  the  loads  P,  .  .  .  P^.  Beam  fixed  at  each  end  against 
horizontal  motion. 

Fig.  (b)  shows  the  force  polygon  ;  i  2,  ...  6  being  the  load  line,  and  0'  the  pole.  The 
reactions  will  be  parallel  to  6-1  ;  A'  and  B'  are  their  intersections  with  /"  and  P°.  We  get 
for  their  values,  T'  =  nl  and  T'  =  6w.  The  student  may  follow  out  the  details  of  the 
construction. 

If  we  wish  the  sum  of  the  moments  of  the  real  forces  to  the  left  of  any  section,  mn, 
about  the  neutral  axis,  x,  of  the  section*,  we  may,  as  in  Art.  40,  draw  xx'  parallel  to  the 
resultant  «3  of  these  forces  {T',  P,,  and  P,),  whence  the  required  moment  =  x'y  x  0'%'. 

Where  many  moments  are  required  it  will  be  more  convenient  to  draw  a  new  equilibrium 
polygon  whose  closing  line  shall  pass  through  the  centres  of  moments,  or  coincide  with  the 
neutral  axis  of  the  bean).  This  requires  a  new  pole  for  our  force  polygon,  so  chosen  that  the 
equilibrium  polygon,  if  made  to  pass  through  A,  will  also  pass  through  B.  The  abutment 
reactions  depending  only  upon  the  given  system  of  forces  and  the  positions  of  A  and  B,  the 
point  «  in  our  force  polygon  will  not  be  changed ;  and  as  the  closing  line  is  to  be  AB,  the 
required  pole  must  lie  somewhere  on  the  line  nO  drawn  parallel  to  AB.  With  any  point  O 
on  this  line  as  pole,  draw  the  force  polygon,  and  beginning  at  A  construct  the  corresponding 
equilibrium  polygon  ;  it  will  pass  through  B  if  accurately  drawn.  The  vertical  ordinate  from 
the  neutral  axis  of  the  beam  to  the  polygon,  multiplied  by  tlie  horizontal  projection  of  the 
proper  ray  in  the  force  polygon,  then  gives  the  sum  of  the  moments  of  all  the  forces  actually 
acting  upon  the  beam  to  the  left  or  right  of  the  centre  of  moments.  This  moment  is  positive 
for  the  forces  on  the  left  and  negative  for  those  on  the  right. 

42.  Problem.    To  Pass  an  Equilibrium  Polygon  through  Three  Given  Points.— 

Let  F,,  /*,,  and  /",  be  the  given  forces  (Fig.  39)  and 
A,  B,  and  (Tthe  given  points. 

Draw  a  force  polygon,  {b),  with  any  pole  0',  and 
the  corresponding  equilibrium  polygon,  AabcH' ,  pass- 
ing through  the  point  A,  the  reaction  line,  Bff, 
being  drawn  parallel  to  4-1,  Draw  the  closing 
line  AlV  and  the  parallel  line  0'n\  4«  and  «1  would 
be  the  abutment  reactions  were  the  given  forces 
acting  upon  a  beam  with  fixed  abutments  at  A 
and  5.t  By  ih<.  preceding  article,  the  required  pole 
lies  somewhere  on  the  line  nO,  drawn  parallel  to  AB. 

In  like  manner  treat  the  two  forces  P,  and  P, 
and  the  points  A  and  C.  The  trial  force  polygon, 
tJ'  I  2  3  and  the  equilibrium  polygon  Aabc  are 
already  drawn.  The  resultant  of  /*,  and  F,  is  1-3, 
and  a  line  through  C  parallel  to  1-3  intersects  be  at 
C.  The  closing  line  is  AC,  and  the  line  O'n'  drawn 
parallel  to  it  meeting  1-3  at  n'  determines  the  reac- 
tions at  A  and  C  for  loads  P,  and  /",.  In  order  that 
the  required  equilibrium  polygon  may  pass  through 
C,  the  pole  of  the  force  polygon  must  lie  somewhere 
on  the  line  n'O  drawn  parallel  to  AC.  Hence  the 
s  at  the  intersection  of  n'O  and  nO. 


Fig.  39. 


required  pole  O  lie 


•  The  itudeni  is  assumed  lo  be  fam 
referred  to  Chap.  VIII. 

t  This  assumes  parallel  abulmciu  re 
these  fcactions,  can,  however,  be  chosen  a 
8S  need  Mt  be  drawn  parallel  to  ^-i- 


subje... 


s  is  commonly  dune  with  fixed  supports.     Th«  direction  of  one  of 
•,  by  laking  «  off  from  the  straight  line  4-1.     Or  in  other  words 
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43.  Parallel  Forces. — Let  P,,  /\,  and  P„  Fig.  40,  be  a  system  of  parallel,  and  in  this  case 
vi^rticaly  forces  acting  upon  any  structure  with  abutments  A  and  B. 

The  abutment  reactions,  which  are  both  vertical,  are  found  in  the  usual  way.    The  load 
line  is  the  vertical  line  1-4.    The  reactions  T"  and  T' 
'-=  411  and  If  I  respectively. 

The  sum  of  the  vertical  components  of  the  forces,  or  of 
the  forces  themselves,  actually  acting  upon  the  structure 
to  the  left  of  any  segment,  is  equal  to  the  distance  from  n 
to  the  extremity  of  the  ray  parallel  to  the  segment.  Thus 
the  sum  of  T'  and  P,  =  »2  ;  of  T\  P^y  and  P^  =  «3,  etc. 

The  sum  of  the  horizontal  components  =  zero. 

The  sum  of  the  moments  of  T'  and  P^  about  any 
point  ;r  =,as  before,  x'y  X  Om^  where  xx!  is  drawn  parallel 
to  the  resultant  of  T'  and  P^  (vertical  in  this  case),  and 
Cm  is  the  horizontal  projection  of  O2.  Likewise  the  sum 
of  the  moments  of  T\  P,,  and  P^  about  x^  =  x^y^  X  Om^  etc.  The  distance  Om  is  here 
called  the /<?/f  ^w/tf»^^  of  the  force  polygon.  We  have  then  in  general:  For  vertical  forces^ 
the  sunt  of  the  moments  of  all  the  external  forces  to  the  left,  or  right,  of  any  segment,  about  any 
point,  is  equal  to  the  intercept  on  the  vertical  ordinate  through  the  point  included  between  the 
closing  line  and  that  segment,  multiplied  by  the  pole  distance  of  the  force  polygon. 

If  x^y  X  Om  =  sum  of  the  moments  of  T'  and  P^  about  x,  and  x'y  X  Om  =  sum  of  the 
moments  of  7*',  /^„  and  P^  about  the  same  point,  then  must  yy'  X  Om  =  moment  of  P^  about 
X.  That  is,  the  moment  of  any  force  about  any  point  is  equal  to  the  intercept  on  the  vertical 
ordinate  through  the  point  included  between  the  adjacent  segments  of  the  equilibrium  polygon, 
multiplied  by  the  pole  distance.     This  is  known  as  Culmanris  Principle, 

The  above  discussion  applies  equally  well  to  parallel  forces  in  any  direction,  provided  the 
abutment  reactions  are  also  in  the  same  direction.  When  that  is  not  the  case,  as  when 
inclined  forces  act  upon  a  structure  where  one  end  reaction  is  vertical,  we  must  follow  the 
general  method  of  Arts,  38-40. 

44.  Forces  Taken  in  Any  Order. — Suppose  the  forces  /\,  -P,,  -P,,  and  P^,  Fig.  41,  to 
act  upon  the  beam  supported  at  A  and  B.     . 

Lay  off  the  load  line  1-5,  taking,  for  variety,  the  forces  in  the  order  P^,  P^,  P.,  and  P^. 
Draw  the  force  polygon  with  pole  O  and  the  correspond- 
ing equilibrium  polygon,  beginning  at  a  point  in  the 
vertical  through  A.  The  equilibrium  polygon  is 
A'abcdB\  and  the  closing  line  A^B\  The  line  On  drawn 
parallel  to  A'B'  determines  the  abutment  reactions,  T'' 
and  T\  these  being  equal  respectively  to  ^n  and  n\  both 
in  anK>unt  and  direction  ;  T'  therefore  acts  downwards. 

The  sum  of  the  moments  of  T'  and  /\  about  x 
=  x^y  X  Om  and  is  negative.  The  sum  of  the  moments 
of  T'y  P„  and  P^  about  a  point  ;r,  is  not  given  by  a  single 
ordinate  multiplied  by  Om,  since  the  force  P^  does  not 
come  next  in  the  construction.  The  sum  of  the  moments 
of  T'  and  P,  about  x^  =  x^y^  x  Om,  and  the  moment  of 
P,  =  ^y  X  Om ;  hence,  these  moments  being  of  the  same 
sign,  the  required  sum  =  {x'y^  -f-  zz')  X  Om.  Similarly, 
the  sum  of  the  moments  of  T',  P,,  P^,  T",  and  P^  about 
^^  =  (;r/^,  —  x^z^  X  Om.    Thus  by  a  little  inspection  any  desired  moment  may  be  found.      I 


Fig.  41. 


Fig.  43 ' 


Application    to    Framed    Structures. 

45.  First     To  the  Structure  as  a  Whole   to   determine   a   portion  of  the  external 
forces  by  means  of  the  equilibrium  polygon. 

Example  i.  Three  equal  cylinders,  each  weighing  lOOO  lbs.  (Fig.  42),  fi  and  Cynt 
touching  at  k;  surfaces  smooth  so  that  pressures  are  normal  Requited  the 
reactions  at  c,  d,  e,  and/and  the  pressures  at^and  /;. 

Fig.  43  shows  each  cylinder  with  all  external  forces  indicated.  We  luve 
here  three  systems  of  concurrent  forces  in  equilibrium,  hence  the  force  polygon 
of  each  system  must  close. 

First,  the  system  acting  upon  A,  /*,  and  /",  being  unknown.    In  Fig.  44  [a) 
layoff  0\  =  1000  lbs.,  to  scale;  then  draw  1-2  parallel  to  P,,  and  O2  parallel  to  f,,  cutting  1-2 
at  2  {P,  and  P,  will  be  inclined  30'  from  the  vertical).     Then  1-2  and  2O  axe  the  amounts  o( 
the   forces  necessary  to  close   the  polygon, 
when  acting  in  the  directions  given  by/*,  and 
P,.     Therefore   P,  and  P,   are   respectively 
equal  to  2O  and  i-2. 

Second,  the  system  acting  upon  B.  The 
forces  (2,  and  R,  are  unknown.  In  Fig.  44 
{S)  draw  0\  equal  and  parallel  to  P,  as  found 
from  {a)  but  in  the  opposite  direction  ;  then 
1-2  vertically  and  equal  to  1000  lbs.  The 
lines  2-3  and  3O  drawn  parallel  to  R^  and  Q, 
close  the  polygon,  and  give  these  forces  in 
amount.     They  are  thus  fully  determined. 

Third,  the  system  acting  upon  C.     A  figure  (c)  similar  to  {b)  ^ves  /?,  =  2-3  and  Q,  =  3O. 
The  numerical  values  are  found  by  scale  to  be  as  follows :  P,  =  P,  =:  580  lbs. ;  Q,  =  Q, 
=  270  lbs. ;  ^,  =  ^,  =  1500  lbs. 

'  We  see  from   the  above   that  two  unknown  forces  in  any  concurrent  system  are  easily 
found  by  closing  the  force  polygon  by  lines  parallel  to  the  directions  of  these  two  forces. 
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Fig.  43. 


Fig.  44. 


A  few  examples  will   ) 


Fio.  4S- 
polygon,  and  R'  and  R"  are  respecti 


be  given  as  a  further  illustration  of  the  application  of   the 
equihbrium  polygon  in  finding  abutment  reactions. 

Example  2  (same  truss  as  in  Fig.  18).     The  unknowns 
are  R',  R',  and  B. 

We  have  here  a  system  of  non-concurrent  forces  in  equi- 
librium, and  hence  the  two  conditions:  their  force  polygon 
must  close  and  the  last  force  must  coincide  with  the  last  seg- 
ment of  the  equilibrium  polygon.  Beginning  with  the  known 
forces,  Wand  G,  draw  the  corresponding  portion  of  thfe  force 
polygon,  0  I  2,  and  the  ray  O2 ;  also  the  segment  AB,  parallel 
to  this  ray.  The  direction  of  R'  being  known  we  take  this  force 
next  in  order;  Bis  its  intersection  with  ^45.  The  amount  of 
R'  being  unknown,  we  cannot  at  once  draw  the  next  ray  in  the 
force  polygon  and  so  get  the  direction  of  the  next  segment  of 
the  equilibrium  polygon.  We  know,  however,  that  this  next 
segment  must  coincide  with  the  last  force  R",  and  hence  must 
pass  through  E\  BE  is  therefore  this  segment.  The  ray  0%  is 
then  drawn  parallel  to  BE  to  its  intersection  with  the  line 
2-3  drawn  parallel  to  R'.  The  fij^iire  t>  1  2  3  (?  is  a  cinsi-d 
;ly  equal  to  3-3  and  3C? ;  BE  is  the  line  of  action  of  R". 
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Example  3.  Find  graphically  the  abutment  reactions  of  the  truss  in  Fig.  20,  a  case  of  parallel  forces. 

Example  4.  Given  the  roof-truss,  Fig.  46,  with  loads  P^  .  .  .  P^  and  wind-pressures 
W,^  W^y  JF, .  Required  the  abutment  reactions, 
K  and  R"  *  first,  when  the  horizontal  thrust  due 
to  wind  is  taken  up  by  each  abutment,  the 
truss  being  fixed  at  both  ends;  second,  when 
one  end  is  on  rollers,  the  other  end  taking  all  the 
thrust. 

G>nstruct  the  force  polygon  (a),  laying  off  the 
forces  in  any  convenient  order.  The  order  chosen 
is  P, ,  -P, ,  -P, ,  W^,  W^,  etc. ;  1-9  is  their  resultant 
Since  many  of  the  forces  are  parallel,  it  will  be 
necessary  to  resolve  9-1  into  the  components  P' 
and  P'  by  selecting  a  pole  O.  Draw  the  rays 
02y  O3,  etc.,  and  construct  the  corresponding 
equilibrium  polygon,  beginning  at  any  point  A\ 
on  a  line  through  A  parallel  to  1-9.  In  construct- 
ing this  polygon  we  must  be  careful  to  take  the 
forces  in  the  same  order  in  which  they  occur  in 
the  load  line.  The  polygon  is  A'abcdefghB\  A'B' 
being  the  closing  line.  The  line  On  drawn  par- 
allel to  A'B'  gives  the  lequired  reactions ;  JC'  =  »i 
And  R'^  =  9«. 

If,  for  example,  the  left  end  be  on  rollers,  the  only  part  of  R'  acting  upon  the  truss  at  A 
is  its  vertical  component,  =  Ni,  Its  horizontal  component  can  be  applied  only  at  B,  another 
point  in  the  line  of  action  of  this  component,  and  a  point  where  the  truss  is  fastened  to  the 
abutment.  This  horizontal  component,  ;/iV,  combined  with  R'\  or  9«,  gives  9^^  as  the  result- 
ing reaction  at  B, 

For  this  last  case  the  reactions  might  have  been  found  directly  by  following  the  method 
of  Art.  38 ;  that  is,  by  beginning  our  polygon  at  B,  the  fixed  end,  and  ending  it  in  a  vertical 
through  A.  The  closing  line  would  have  been  some  line  BA'\  and  the  line  in  the  force  poly- 
gon parallel  to  it  would  be  ON,  giving  the  same  reactions  as  found  above. 

46.  Second.  To  Single  Joints  to  Find  Stresses:  Maxwell  Diagrams. — In  this  method 

we  first  find  the  abutment  reactions  either  algebraically  or  graphicnily,  then,  commencing  at  one 

abutment,  find  the  stresses  in  the  members  at  successive  joints 
by  means  of  force  polygons  only.  We  must  always,  as  in  the 
analytical  method,  select  joints  at  which  there  are  but  two  un- 
known stresses ;  or  if  there  are  three,  we  can  determine  one  if 
the  other  two  have  the  same  line  of  action. 

Example  i  (Fig.  47).  P^  and  P^  each  =  500  lbs. ;  P^  = 
1000  lbs. ;  dimensions  as  given.  Required  the  stresses  in  the 
members. 

We  see  at  once  that  R^  =  R'^  =  1000  lbs.  For  joint  /  we 
lay  off  in  {a\  Oi  =  1006  lbs.  by  scale,  and  parallel  to  R' ;  1-2 
=  SCO  lbs.  downwards ;  and  2-3  and  O3  parallel  to  the  pieces 
im  and  /n  respectively.  Then  2-3  =  stress  in  /w,  and,  pointing 
in  the  direction  w/,  it  indicates  compression  ;  3O  =  tensile  stress 
''°'  47«  in  /n.     Fig.  {ff)  is  the  force  polygon  for  joint  w,  2-3  being  the 

compression  in  mo  and  iO  the  tension  in  ;//«.     The  other  joints  are  treated  similarly.     Scaling 
Qfl  the  stresses  from  the  force  polygons  we  have  the  following  results :  stress  in  /;//  =  stress 
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I  In  =  stress   in   no  =  1580  lbs.  tension.     Stress  i 


Fig.  48. 


in  mo  =  1800  lbs.  compression.     Stress  i 
tnn  =  1000  lbs.  tension. 

Instead  of  drawing  a  separate  figure  for  each  joint,  we  may  combine  the  force  polygons 
into  a  single  figure,  using  each  line  twice  as  being  common  to  two  polygons.  The  combined 
figure  may  be  called  a  stress  diagram.  A  convenient  notation  to  accompany  thi,-!  method  is 
to  letter  each  triangle  of  the  truss,  and  also  each  space  between  the  external  forces,  as  in 
Fig.  47.  Each  piece  and  each  external  force  is  then  known  by  the  two  letters  in  the  adjacent 
spaces,  as  the  piece  CF,  the  load  CD,  etc. 

Let  us  apply  this  method  to  the  truss  in  the  figure.  We  will  find  it  convenient  to  lay  off 
the  loads  and  reactions  at  once,  forming  the  load  line  BE,  Fig.  48,  the  loads  being  lettered  to 
correspond  with  Fig.  47.  The  abutment  reactions  are  EA  and  AB.  (If  these  are  found 
graphically  by  means  of  an  equilibrium  polygon,  we  will  have  our  load  line 
already  laid  off.)  Beginning  as  before  at  joint  /,  the  force  polygon  for  that 
joint  will  be  ABCFA  ;  CF  the  stress  in  piece  CF,  and  FA  that  in  piece  FA. 
The  nature  of  these  stresses  is  easily  determined  by  following  around  the 
polygon.  Passing  to  joint  m,  the  force  polygon  will  be  FCDGF,  in  which  FC 
and  CD  are  already  drawn.  The  force  FC  oi  course  acts  in  the  opposite  direc- 
tion from  what  it  did  upon  joint  I.  The  polygon  for  joint  «  is  AFGA,  and  for  0 
is  AGDEA,  EA  being  the  abutment  reaction  :  its  coming  out  so  is  a  check  upon  the  work.  In 
treating  a  joint  always  begin  with  the  piece  farthest  to  the  left  whose  stress  is  known,  and  then 
pass  around  right-handed.  Thus,  at  joint  »i  the  forces  ^C and  CD  ak  known;  begin  then 
with  FC  and  pass  to  D,  G,  and  F;  etc  If  0  had  been  the  starting  point,  the  opposite  mode  of 
procedure  would  have  been  the  most  convenient. 

Example  2.  Required  the  stresses  in  the  roof- 
truss  of  Fig.  49,  Loads  NO  and  Fffeach  =  1000 
lbs. ;  all  others  =  2000 1  lbs.  Span  =  100  ft., 
rise  =  35  ft.;  distance  from  apex  to  horizontal  tie, 
XM,  =  30  ft.;  all  struts,  AB.  CD,  EF,  etc.,  are 
normal  to  roof. 

The  load  line  is  NW\  abutment  reactions, 
WM  and  MN.  The  stress  polygons  for  the  first 
three  joints,  beginning  at  the  left,  are  readily  drawn. 
At  the  third  upper  joint  {BPQ,  etc.),  however,  the 
stresses  in  the  three  pieces  CD,  DE,  and  EQ  ate 
unknown.  As  in  Art.  32,  Ex.  4,  we  may  pass  to  the 
next  upper  Joint,  find  the  stress  in  EF,  then  in  ED, 
and  finally  the  stresses  in  CD  and  QE.  As  to  the 
stress  in  EF: — From  Q  and  R  draw  the  indefinite 
lines  QE'  and  RF'  parallel  to  the  pieces  QE  and 
RF.  The  stresses  in  the  pieces  QE  and  RF  are 
unknown,  but  whatever  they  are,  the  stress  in  EF 
must  be  such  as  to  close  the  force  polygon  E'QRF  when  drawn  parallel  to  the  piece  EF.  The_ 
line/'£'  then  givts  this  stress,  a  compressive  one.  To  get  the  stress  \nED  we  may  in  a  similar 
manner  draw  the  indefinite  line  F'D'  parallel  to  piece  FX,  then  the  line  E'D'  parallel  to  piece 
ED\  D'E'  will  be  the  required  tensile  stress.  Knowing  ED,  we  may  now  pass  to  the  third 
upper  joint.  The  portion  CBPQ  of  the  force  polygon  is  already  drawn.  Taking  the  piece 
ED  next  in  order,  its  stress  being  known,  draw  QD"  equal  and  parallel  to  E'D'\  flien  D"D 
parallel  to  QE,  meeting  CD  at  D.  We  have  then  D"D  equal  to  the  stress  in  QE.  and  DC 
that  in  piece  DC.  The  forces  may  now  be  arranged  in  proper  order,  Q,  E,  D,  C,  in  the 
force  polygon.     The  remaining  stresses  arc  easily  found. 
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An  easier  solution  of  the  above  example  is  now  seen  from  the  diagram.  It  depends  upon 
the  fact  that  E,  F,  A  and  B  are  in  the  same  straight  line, 
and  to  find  E  and  F  we  have  only  to  produce  AB  to  cut 
the  lines  QE  and  RF.  We  may  then  draw  FX  parallel  to 
the  piece  FX,  and  CD  likewise,  thus  determining  the 
point  D.  The  half  diagram  is  completed  by  drawing  XM 
and  DE.  This  method  is  applicable  only  when  the  struts 
are  normal  to  the  roof,  and  when  the  secondary  truss  NS 
is  symmetrical  about  CD, 

To  aid  in  distinguishing  the  nature  of  the  stresses, 
lines  representing  compressive  stresses  may  be  made  heavier 
than  thorse  representing  tensile  stresses,  or  different-colored 
inks  may  be  used.  Where  the  loads  are  symmetrical  it  is 
necessary  to  draw  but  one  half  the  stress  diagram,  the 
stresses  in  corresponding  members  of  the  two  halves  of  the 
structure  being  equal.  Where  this  is  done,  however,  the 
work  should  be  checked  by  computing  a  few  of  the  stresses 
by  analytical  methods. 

Fig.  50  shows  a  truss  with  accompanying  stress  dia- 
gram. A  portion  of  the  loads  are  inclined,  due  to  wind- 
pressure  from  the  right.     Rollers  under  right  end ;  XN  =  right  abutment  reaction,  NO  the 

left. 

Example  3.  Find  all  stresses  in  the  bridge-truss  shown  in 

Fig.  51.     Each  load  =  30,000  lbs. 

47.  Special  Application. — In  case  we  desire  the 
stresses  in  but  one  or  two  members  of  the  structure 
when  under  a  given  loading,  the  preceding  method 
necessitates  the  finding  of  all  the  stresses  up  to  the  ones 
in  question,  and  thus  is  a  much  longer  process  than  the 
analytical  method  of  sections.  Where  there  are  no  loads  between  one  of  the  abutments  and 
these  members,  as  is  frequently  the  case,  we  may  find  the  desired  stresses  very  quickly  by 
graphics  as  follows : 

Suppose  we  wish  to  find  the  stresses  in  the  pieces  CZ>,  DE,  and  EF  (Fig.  51),  there 
being  no  loads  to  the  left  of  a. 

Pass  a  section  through  these  pieces.  Fig.  52  shows  the  left-hand 
portion  free,  with  the  forces  put  in ;  5, ,  5, ,  and  5,  are  the  unknown 
stresses.  (The  load  P  is  not  at  present  supposed  to  exist.)  Now 
these  stresses  with  R  form  a  balanced  system  whose  equilibrium 
is  independent  of  the  shape  of  the  structure  acted  upon.  We  may 
therefore  replace  the  portion  Aecd  by  a  single  triangle,  Acd,  the 
structure  still  being  a  rigid  one.  If  we  then  begin  at  A  and  find 
the  stresses  in  the  members  of  this  new  structure,  the  force  polygons 

for  the  joints  c  and  d  will  give  us  the  required  stresses.     The  complete  diagram  is  given  in 

F*g-  53-  Beginning  at  F,  FC  is  the  abutment  reaction  K  (K  is  best  found 
analytically)  ;  FCGF,  the  force  polygon  for  joint  A  ;  FGEF,  that  for  joint  d, 
there  being  no  stress  in  piece  cd,  as  it  exists  in  our  new  structure  ;  EGCDE 
is  the  polygon  for  joint  c.  We  have  then  EF  =  5,,  CD  =  5, ,  and  DE  =  5,. 
If  we  desire  the  stress  in  cd  as  a  part  of  the  original  truss,  we  may  pass  to 
joint  c  of  that  truss.  There  are  but  two  unknown  stresses.  The  force  polygon  EDCG' E 
gives  these  stresses ;  G'E  ==  stress  in  cd. 

If  there  be  also  a  load  at  d,  our  triangle,  Acd,  will  still  give  us  a  rigid  structure.     The 
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Fig.  55. 
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stress  diagram  will  then  be  as  in  Fig.  54,  where  F'F  =^  load  P.  Let  the 
student  find  the  numerical  values  of  the  stresses  in  both  cases,  each  load 
being  equal  to  30,cxx>  lbs.,  and  compare  with  those  found  in  Ex.  3,  above. 

48.  Third.     To  a  Part  of  the  Structure,  using  Successive  Sections  ^*°-  54* 

commencing  at  One  End.— If  we  pass  a  section  through  a  structure,  cutting  but  two  mem- 
bers whose  stresses  are  unknown,  the  single  condition  that  the  force  polygon,  drawn  for  the 
forces  acting  upon  one  portion  of  the  structure,  must  close,  will  enable  us  to  find  the  stresses 
in  these  pieces.  Commencing  at  one  end  of  a  structure  and  passing  a  section  cutting  but  two 
pieces,  we  can  determine  their  stresses;  then  passing  another  section  cutting  three  members, 
one  of  which  has  already  been  treated,  we  can  find  the  stresses  in  the  other  two,  and  finally 
by  successive  sections  we  can  determine  all  the  stresses  by  simple  force  polygons. 

Take,  for  example,  the  truss  in  Fig.  55.     Lay  off  at  once  the  load  line,  MR  (Fig.  56) ;  RA 

and  AM  2x^  the  reactions  at  right  and  left  abutments,  found  by 
any  method.  Pass  a  section  through  ABM,  cutting  two  pieces. 
A  simple  force  polygon,  AMB  (Fig.  56),  gives  the  stresses  in  MB 

and  BA. 

(In  this  case  it  is  more  convenient  to  work 
left-handed,  the  forces  in  the  load  line  being 
laid  off  in  left-handed  order  in  the  sense  of 
rotation  about  the  truss.) 

Now  pass  a  section  through  ABCN.  The 
stresses  in  BC  and  CN  are  unknown.  Fig. 
5  5  (a)  shows  the  portion  to  the  left  of  the  sec- 
tion free.  The  forces  acting  are  AM,  MN^ 
NCy  CBy  and  BA,  and  since  they  are  in  equilibrium  their  force  polygon  must  close.  The 
portion  BAMN  {Fig.-  56)  of  the  polygon  is  already  drawn  ;  NC  and  CB  drawn  parallel  to  their 
respective  pieces  closes  the  polygon  and  determines  the  stresses  in  these  pieces.  Next  pass  a 
section  through  ADCN\  CD  and  DA  are  the  unknown  stresses.  Fig.  {p)  shows  the  portion 
of  the  structure  considered.  Of  the  force  polygon  for  the  forces  there  acting,  the  portion 
AMNC  is  drawn.  The  lines  CD  and  DA  close  the  polygon  and  determine  the  unknown 
stresses.     In  like  manner  proceed  throughout  the  structure.     The  complete  stress  diagram  is 

given  in  Fig.  56. 

While  the  above  is  a  different  method  than  that  given  in  Art.  46,  yet  the  resulting  dia- 
gram is  precisely  the  same  as  would  have  been  obtained  by  that  method,  the  force  polygon 
for  any  joint  being  given  directly  in  the  figure.  Moreover,  if  we  pass  any  section  whatever 
through  the  structure,  the  polygon  of  the  forces  acting  upon  either  portion  will  be  given  by 
the  diagram.  Thus,  passing  a  section  /w,  the  forces  acting  upon  the  left-hand  portion  are 
the  loads,  abutment  reaction,  and  the  stresses  in  the  members  cut.  Their  force  polygon 
is  AMNOPHGFEDCBAy  a  closed  figure.     Likewise  with  the  portion  on  the  right. 

48rt.*  Review  of  Fundamental  Principles. — We  have  seen  that  there  are  three  funda- 
mental equations  of  equilibrium  which  may  be  applied  (a)  to  the  structure  as  a  whole  ;  (b)  to 
any  flexible  joint  of  the  structure ;  (r)  to  any  part  of  the  structure  when  cut  by  a  section  and 
one  portion  removed.  Since  these  are  all  the  fundamental  equations,  or  propositions,  which 
can  be  made  use  of  in  solving  statically  determinate  structures,  we  will  here  restate  them,  and 
the  student  should  fix  them  firmly  in  his  mind,  and  constantly  recur  to  them  whenever  a  new 
problem  in  structural  analysis  is  presented  to  him : 

I.    FUNDAMENTAL   PRINCIPLES   APPLIED  TO   THE   STRUCTURE  AS   A   WHOLE. 

If  a  Structure  is  in  equilibrium  under  the  action  of  external  forces, 

1.  The  sum  of  the  vertical  components  of  these  forces  is  equal  to  zero  ; 

2.  The  sum  of  the  horizontal  components  of  these  forces  is  equal  to  zero;  and 


*  This  article  added  by  J.  B.  J.  in  ihe  seventh  edition  to  replace  a  graphical  method  of  moments  given  in  previous 
editions 
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3.  The  sum  of  the  moments  of  these  forces^  taken  about  any  point  in  the  plane  of  their  actiohs 
is  equal  to  zero, 

II.   FUNDAMENTAL  PRINCIPLES  APPLIED  TO   ANY  JOINT  IN  THE  STRUCTURE. 

If  a  jointed  structure  is  in  equilibrium  under  the  action  of  external  forces, 

4.  The  sum  of  the  vertical  components  of  the  external  forces  and  internal  stresses  meeting  at 
any  joint  is  equal  to  zero  ; 

5.  The  sum  of  the  horizontal  components  of  the  external  forces  and  internal  stresses  meeting 

*  '  at  any  joint  is  equal  to  zero ;  and 

6.  The  sum  of  the  moments  of  the  external  forces  and  internal  stresses  meeting  at  any  joint  is 
equal  to  zero.     (No  use  is  commonly  made  of  this  ])n>position  in  structural  analysis,  and  it  is 

^  given  here  only  for  completeness.) 

^  III.   FUNDAMENTAL   PRINCIPLES   APPLIED   TO   ANY   PORTION   OF   A   STRUCTURE  ON    ONE   SIDE 

OF    A   SECTION. 

If  a  Structure  (or  a  beam),  in  equilibrium  under  the  action  of  external  forces,  be  cut  by  ^ 
section, 

7.  The  sum  of  the  vertical  components  of  the  stresses  in  the  members  (or  fibres)  cut  is  numet- 

ically  equal  to  the  sum  of  the  vertical  components  of  the  external  forces  acting  on  either  side,  oj 
this  section  ; 

8.  The  sum  of  the  horizontal  components  of  the  stresses  in  the  members  {or  fibres]  cut  is 
numerically  equal  to  the  sum  of  the  horizontal  components  of  the  external  forces  acting  on  either 
side  of  the  section  ;  and 

9.  The  sum  of  the  moments  of  the  stresses  in  the  members  {or  fibres)  cut  is  numerically  equal 
to  the  sum  of  the  moments  of  the  external  forces  acting  on  either  side  of  the  section  ivhen  both  are 

^  taken  about  the  same  point. 

Of  these  nine  propositions  only  five  are  commonly  used,  these  being  the  thirds  for  finding 
algebraically  the  supporting  forces,  Art.  31 ;  t\\G  fourth  and  fifths  which  give  rise  to  the  Max- 
well  system  of  diagrams.  Art.  46;  the  seventh,  the  summation  in  which  is  called  the  shear  on 
the  section  ;  and  the  ninth,  which  is  used  most  of  all,  and  gives  rise  to  the  algebraic  method  of 

►  moments.  Art.  33. 

Although  all  of  these  propositions  may  lead  to  both  algebraic  and  graphical  solutions,  the 

.  only  graphical  solutions  which  are  in  very  common  use  are  those  of  the  Maxwell  diagrams, 

f  founded  on  propositions  four  and  five,  and  explained  in  Art.  46.    While  the  number  of  appli- 

cations here  given  of  this  method  are  few,  if  the  student  has  mastered  th^  principles  on  which 
this  system  is  based  he  can  safely  be  trusted  to  apply  it  to  other  cases.  This  method  is  com- 
monly employed  in  the  analysis  of  stresses  in  roof-trusses,  and  sometimes  in  trussed  arches. 
The  common  analysis  of  bridge  trusses  is  based  on  propositions  seven  and  nine,  using  the 
method  of  sections.  The  vertical  component  of  the  external  forces  on  one  side  of  the  section 
is  now  the  algebraic  summation  of  the  loads  and  the  supporting  force  on  on^side,  and  this  is 
called  the  shear  on  the  section.  If  the  two  chord  members  cut  by  the  section  are  both  hori- 
zontal, then  the  shear  is  wholly  resisted  by  the  web  member  cut  by  the  section,  and  hence  the 
shear  is  the  vertical  component  of  the  stress  in  that  member.  This,  multiplied  by  the  secant 
of  its  angle  with  the  vertical,  gives  the  stress  in  the  member.*  The  stresses  in  the  chord  mem- 
bers are  found  by  taking  the  centres  of  moments  at  the  intersections  of  the  web  member  with 
the  opposite  chord.     The  moment  of  the  external  forces  on  one  side  of  the  section  about  this 

K  point,  divided  by  the  height  of  the  truss  in  this  case,  gives  the  .stress  in  the  chord  member.  If 

the  chords  are  not  parallel,  then  all  the  stresses  may  be  found  by  proposition  nine,  as  the  cen- 
tre of  moments  can  be  taken,  for  any  one  of  the  three  members  cut,  at  the  intersection  of  the 

^  other  two,  and  this  is  the  common  method  employed  when  moving  loads  are  to  be  provided 

for.     When  the  loads  are  fixed  (that  is  to  say,  not  moving),  as  in  roof-trusses,  the  Maxwell 

^  diagrams  are  commonly  employed.     When  solving  for  moving  loads  these  loads  have  a  differ- 

ent position  for  every  pair  of  web  and  chord  members,  and  hence  as  many  diagrams  would 
have  to  be  drawn  as  there  are  load  systems,  if  graphical  methods  were  employed.  By  using  the 
method  of  sections,  however,  with  shears  and  moments  treated  algebraically,  the  stress  in  any 
particular  member  can  be  found  at  once  for  any  set  of  loads  as  soon  as  one  of  the  supporting 
forces  has  been  computed. 

49.  Beam  with  Uniform  Load.— Law  of  Variation  of  Moment  (Fig.  58). — Beam  with 
uniform  load  =/>  lbs.  per  foot.     Required  the  moment  of  all  external  forces  upon  either  side 

*  When  resolving  stresses  about  the  sides  of  a  right-angled  triangle,  instead  of  using  the  trigonometrical  functions  it 

*  is  often  more  convenient  to  use  the  rule  :  D'ndde  th'  stress  by  the  parallel  dimension  and  multiply  by  the  desired  dimen- 

sioh.  Thus,  knowing  the  vertical  component,  to  find  the  stress  in  the  diagonal  member  divide  by  the  height  of  the  trust 
and  multiply  by  the  length  of  the  d-iagonal. 
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of  any  section,  about  the  neutral  axis  of  the  section  (called  the 

bending  moment  in  the  beam). 

The  equilibrium  polygon  A'cB'  will  be  a  curve  whose  ordi- 
nates,  measured  from  the  closing  line,  will  be  proportional  to 
the  required  moments;  and  if  we  make  our  pole  distance,  Om^, 
unity,  they  will  be  equal  to  them.  To  derive  the  .equation  of 
this  curve  we  will  therefore  find  the  law  of  variation  of  these 
moments.  Fig,  58  (u)  shows  the  portion  to  the  left  of  a  section, 
km,  taken  at  a  distance  x  from  the  centre.     The  external  forces 

{'    \ ,// 


moment  about  a  is 


are  the  load, /I 

_piii 


-a:I,  and  the  abutment   reaction,—.     Their 


^f(^- 


=  8^''-5^ CS) 

This  is  the  equation  of  a  parabola  with  axis  vertical  and  whose  vertex  is  at  c,  a  distance  =  ^//' 
below  the  origin  c.  This  parabola  being  drawn,  the  ordinates  from  the  line  A'B'  to  the  curve 
will  give  the  required  moments. 

A  convenient  way  of  drawing  the  parabola  is  to  lay  off  B'b  =  t/c  =  ifii';  then  divide  B'b 
into  any  number  of  equal  parts  and  B'c'  into  the  same  number.  Draw  the  lines  ci,  c2,  etc., 
and  the  verticals  through  1',  2',  etc.  The  intersections  of  corresponding  lines  will  be  points 
on  the  curve. 

50.  Truss  with  Uniform  Load.— Law  of  Variation  of  Moment — In  framed  structures, 
uniform  loads  are  carried  to  joints  usually  by  means  of  sec- 
ondary members,  and  it  is  these  joint  loads  only  which  act 
upon  the  structure  as  a  whole.  For  example,  in  Fig.  59  a 
uniform  load  of/  lbs.  per  foot  will  be  given  over  to  the  truss 
in  five  concentrations  at  C,  D,  E,  F,  and  G,  each  =  pd,  where 

d  is  the  panel  length ;  and  two  loads  at  A  and  B,  each  =  -- . 


f^^ffl^: 


Fig.  59. 


The  total  load  =//  and  the  abutment  reactions  each  = 

The  uniform  load  to  the  left  of  any  joint,  as  £,  is  concen- 

pd 
trated  at  the  joints  A,  C,  D,  and  B,   -  being  the  loads  at  A 

and  E  due  to  this  portion  of  the  uniform  load.     The  mo- 
ment of  these  joint  loads  about  E  is  evidently  the  same  as 
the  moment  of  the  uniform  load  to  which  they  are  equiva- 
pl 
lent,  and  the  abutment  reaction  R'  being  equal  to  -,  we  see  that  the  moment  of  all  the  exter- 

nal  forces  to  the  left  of  E  is  given  by  the  ordinate  aa'  to  the  moment  parabola  constructed 
for  the  uniform  load  of/  lbs.  per  foot.  The  vertices  of  the  equilibrium  polygon  drawn  for  the 
joint  loads,  therefore,  lie  on  this  parabola. 

If  we  take  our  centre  of  moments  at  any  other  point  than  a  point  in  a  load  line,  as  at  m, 
the  moment  about  m  of  all  the  external  forces  (joint  loads  and  abutment  reaction)  to  the  left 
of  nt  is  given  by  the  ordinate  kk' ,  drawn  to  the  proper  segment  of  the  equilibrium  polygon,  and 
TOJ^bythe  ordinate**"  to  the  parabola,  as  would  be  the  case  were  the  uniform  load  acting  upon 
a  beam.  We  can  see  this  more  clearly  by  actually  computing  the  moments  in  the  two  cases. 
For  the  truss,  the  moment  can  be  written  in  the  form  :  ^'  X  *"  —  [^'^-«^+/'^X(a"  — <^  +  i^(^X 
{x  —  2d)\  —  ydz.  For  the  beam.  Fig.  [a),  the  moment  is  R'  y^  x  —  {zpd  y.{x  ~  rf)j  —  \ps\ 
The  quantities  within  the  brackets  in  the  two  expressions  are  equal ;  they  are  the  moment  about 
m  of  the  portion  of  the  load  upon  the  length  AD.  The  moment  upon  the  beam  is  greater, 
therefore,  than  the  moment  upon  the  truss  by  \pdz  —  ips'.  This  is  seen  to  be  the  bending 
moment  at  m  in  the  secondary  member,  DE,  produced  by  the  uniform  load  in  the  panel 
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CHAPTER   III. 

ANALYSIS  OF   ROOF-TRUSSES. 

LOADS  AND  REACTIONS. 

• 

51.  Dead  Load. — The  dead  or  fixed  load  supported  by  a  roof-truss  is  made  up  of:  the 
weight  of  the  truss  itself ;  the  roof,  including  roof-covering,  sheeting,  rafters,  and  purlins ;  and 
sometimes  the  weight  of  ceilings  and  floors  suspended  from  the  truss.  The  roof  being  designed 
first,  its  weight  can  be  directly  computed,  as  can  Be  also  the  weight  of  ceilings  and  floors. 
The  total  weight  of  roof  will  vary  from  5  to  30  lbs.  per  square  foot  of  roof-surface. 

The  weight  of  the  truss  can  only  be  approximated.  From  actual  calculations  it  is  found 
to  be  equal  to  about  ^/  lbs.  per  square  foot  of  area  covered,  where  /  =  span  length  in  feet ; 
or,  if  ^  =  distance  between  trusses,  then  the  total  weight  of  one  truss  = 

T=iibr (I) 

For  short  spans  the  weight  of  the  truss  is  «mall  compared  with  the  total  load,  and  an  error 
in  its  assumption  is  correspondingly  unimportant.  For  long  spans,  however,  the  error 
becomes  larger,  and  if,  after  a  preliminary  design,  it  is  found  to  be  excessive,  the  weight  must 
be  reassumed  in  accordance  with  the  design  and  the  computations  revised. 

52.  Live  Load. — The  live  or  variable  load  consists  of  the  wind  load,  snow  load,  and  floor 
loads,  if  any.     The  maximum  wind  pressure  on  a  surface  normal  to  its  direction  is  variously 

^  estimated  at  from  30  lbs.  to  56  lbs.  per  square  foot.     Some  experiments  made  by  Sir  Benjamin 

Baker  during  the  erection  of  the  Forth  bridge*  indicate  that  the  pressure  per  unit  area  upon 
large  surfaces  is  considerably  less  than  upon  small  surfaces.     The  ratio  of  the  unit  pressure 

I  upon  an  area  of  i^  square  feet  to  that  upon  an  area  of  300  square  feet  varied  from  1.3  to  2.5, 

being  on  the  average  about  1.5.  The  highest  pressure  recorded  during  the  seven  years  over 
which  the  observations  extended  was  41  lbs.  per  square  foot  upon  the  smaller  surface  and 
27  lbs.  upon  the  larger.  As  the  gales  experienced  in  that  vicinity  are  very  severe,  it  seems 
reasonable  to  assume,  for  ordinary  cases  at  least,  a  wind  pressure  of  45  lbs.  per  square  foot 
upon  small  surfaces  and  30  lbs.  upon  large  ones. 

According  to  experiments  recently  made  upon  Mt.  Washington  by  Asst.  Prof.  C  F.  Marvin, 

I  U.  S.  Sig.  Service,!  the  relation  between  wind  pressure  and  velocity  is  given  very  accurately 

by  the  formula  u  =  .004 F'*;  where  u  =  pressure  per  square  foot  and  F=  velocity  of  the  wind 
in  miles  per  hour.  These  experiments  were  made  upon  surfaces  of  4  and  9  square  feet,  the 
unit  pressures  on  each  being  practically  the  same.     The  difference  in  area  was,  however, 

^  probably  too  small  to  detect  any  slight  difference  in  unit  pressure  which  may  have  occurred. 

Our  assumed  value  of  45  lbs.  corresponds  by  the  above  formula  to  a  velocity  of  105  miles  per 
hour,  and  thus  would  seem  to  cover  any  case  short  of  a  tornado  which  would  destroy  almost 
any  building  supporting  a  roof. 

•  The  longitudinal  component  of  the  pressure  of  the  wind  upon  a  roof  is  zero  for  smooth 

roofs  and  nearly  so  for  any.  The  normal  component  is  usually  computed  by  the  empirical 
formula  established  by  Hutton*s  experiments,  i.e., 

«'=  2<  sin  a  «-84co8a-i^    .     .     .     .  ' (a) 

*See  Lma.  Engineering,  Feb.  s8,  i8«o.  f  See  Eng.  News,  Dec.  13,  189a 
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where  «'  =  normal  component,  u  =  pressure  per  square  foot  on  a  vertical  surface,  and  a  •= 
angle  olf  inclinati9n  of  the  roof  with  the  horizontal.  The  following  values  of  u\  for  «  =  30  lbs., 
are  computed  for  various  values  of  a : 

a  u'  a  uf  a  vl 

5** 3-9  25° 16.9  45° 27.1 

10^ 7.2  30° 19.9  50** 28.6 

IS"" 10.5  35° 22.6  55° 29.7 

20° 13.7  40"* 25.1  60"* 3ao 

For  a  greater  than  60°,  u'  is  taken  at  30  lbs. 

The  snow  load  is  estimated,  according  to  the  locality,  at  from  10  lbs.  to  30  lbs.  per  square 
foot  of  horizontal  projection,  the  weight  of  new  snow  per  cubic  foot  being  from  5  lbs.  to  12 
lbs.  according  to  its  dryness.  Snow  load  need  not  be  considered  where  a  is  greater  than  45°  to 
60°,  depending  on  the  smoothness  of  the  roof. 

The  loads  upon  floors  vary  trom  50  lbs.  per  square  foot  to  200  lbs.  or  more,  according  to 
the  use  to  be  made  of  the  building.  In  any  case  the  load  anticipated  should  be  approximated 
as  nearly  as  possible. 

53.  Apex  Loads. — The  weight  of  the  roof,  and  the  wind  and  snow  loads,  are  transferred 
to  the  truss  by  means  of  tht purlins.  In  large  roofs  the  purlins  should,  if  possible,  be  placed 
upon  the  trusses  at  the  joints ;  but  if  it  is  necessary  to  place  them  between  joints,  the  members 
of  the  upper  chord  supporting  them  must  be  designed  to  resist  as  a  beam  as  well  as  a  com- 
pression member  of  the  truss. 

The  snow  and  roof  loads  being  vertical  and  uniformly  distributed  over  each  panel,  the 
joint  loads  are  each  equal  to  one  half  the  sum  of  the  adjacent  panel  loads.     Thus  the  load  at 

^,  Fig.  60,  is  equal  to  one  half  the  panel  load  on  be  plus  one  half  the 
panel  load  on  ab.  The  snow  load  on  the  panel  ab  is  of  course  less 
per  square  foot  of  roof  than  on  be.  The  wind  load  at  b  is  equal  to 
one  half  the  wind  load  on  be  combined  with  one  half  the  wind  load 
on  abj  the  load  on  each  panel  being  normal  to  the  surface.  If  all 
Pjq  ^  '         panels  in  one  half  the  truss  lie  in  the  same  plane  and  are  equal,  then 

all  joint  loads  are  equal. 
The  above  applies  only  when  the  purlins  are  placed  at  joints.     If  placed  at  intermediate 
point.s,  the  loads  on  the  purlins  are  found  as  above  and  divided  between  adjacent  joints  in  the 
inverse  ratio  of  the  distance  of  these  joints  from  the  purlins. 

In  roofs  of  ordinary  .span  it  is  usual  to  attach  the  shingles  directly  to  small  angle-iron 
purlins.  In  this  case  the  roof  load  may  be  treated  as  a  uniform  load  upon  the  truss,  both  in 
getting  apex  loads  and  in  computing  the  bending  moment  in  the  upper  chord. 

The  weight  of  the  truss  may  be  considered  as  applied  equally  at  each  of  the  upper  joints. 

54.  Reactions. — For  snow  and  dead  loads  both  reactions  are  vertical.  For  wind  load  the 
reactions  depend  upon  the  manner  of  supporting  the  truss.  If  both  ends  are  fixed,  the  wind 
reactions  are  parallel  to  the  resultant  wind  load ;  if  one  end  is  free  to  move,  i.e.,  on  rollers  or 
supported  on  a  rocker,  the  reaction  at  this  end  is  vertical  and  that  at  the  fixed  end  follows 
from  the  analysis.  If  one  end  be  fixed  and  the  other  merely  supported  upon  a  smooth  iron 
plate,  the  reaction  at  the  free  end  may  have  a  horizontal  component  equal  to  the  vertical 
component  multiplied  by  the  coefficient  of  friction,  which  is  about  J. 

ANALYSIS. 

55.  Forms  of  Trusses. — A  few  of  the  standard  forms  of  trusses  are  shown  in  the  adjoin- 
ing figures. 


[ 


ANALYSIS  OF  ROOF-TRUSSES. 


35 


Fig.  6l  shows  a  French  or,  as  it  is  sometimes  called,  a  Fink   roof-truss.     It  is  a  very 

common  and  economical  form  for  trusses  up  to  about  150  feet 
span.     The  struts  bc^  de,  etc.,  are  placed  normal  to  the  roof. 

These  with  the  upper  chord  are 
made    either    of   wood   or  iron. 
The  other  members  are  ties  and 
^  are  made  of  iron. 

Fig.  62  is  a  common  form  for 


Fig.  62. 


Fig.  61. 

wooden  trusses.     The  verticals  are  iron  tie-rods. 

Fig.  63  is  a  quadrangular  truss  adapted  especially  to  roofs  of  small  rise.    It  is  constructed 
of  iron,  riveted  joints  being  used  for  short  spans  and  pin  connections  for  long  spans. 


Fig.  63. 


Fig.  64. 


The  crescent   or  sickle  truss,  Fig.  64,  with   either  a  single  or  double  system   of  web 
members,  is  a  good  form  for  comparatively  large  spans.    Riveted  iron-work  is  used  throughout. 
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Fig.  65, 

For  very  long  spans,  as  for  train-sheds  and  the  like, 
some  form  of  the  arch-truss  is  often  used.  Fig.  65  is  an 
outline  of  the  arch-truss  of  the  train-shed  of  the  Penn- 
sylvania Railroad  station   at    Jersey   City.     The  arch  is 

hinged  at  ^,  -ff,  and   C.     The  horizontal  thrust   at  the    abutments  is  resisted  by  means  of 

a  tie-rod,  AB,  placed  beneath  the  floor. 


Fig.  65^1. 
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If  an  arch  has  no  hinges,  or  has  but  the  two  hinges  at  the  abutments,  the  stresses  depend 
upon  distortion  as  well  as  upon  the  static  load.     These  forms  are  treated  in  Chapter  XIV. 

56.  Analysis  of  a  French  Truss. — In  the  analysis  of  a  roof-truss  we  must  find  the 
stresses  due  to  dead  load  and  combine  them  with  the  stresses  due  to  live  load  so  as  to  get 
the  greatest  possible  tension  and  compression  in  each  member.  As  there  are  but  three  or 
four  different  possible  loadings  for  roof-trusses,  the  graphical  method  is  well  adapted  to  their 
calculation,  it  being  necessary^  to  draw  but  one  diagram  for  each  loading.  Where  the  pieces 
of  a  truss  have  many  diflferent  inclinations  the  algebraical  method  is  exceedingly  tedious;  but 
if  that  method  is  preferred,  the  truss  should  be  drawn  to  a  large  scale  and  all  lever-arms 
scaled  from  the  diagram.  The  application  of  the  principles  of  Arts.  32,  33,  will  then  enable 
the  stresses  to  be  readily  computed. 

A  complete  graphical  analysis  of  the  truss  of  Fig.  49,  p.  28,  will  now  be  made.  Span 
=  100  ft. ;  rise  =  35  ft. ;  distance  apart  of  trusses  =  20  ft. ;  roof  divided  into  eight  equal  panels ; 
rollers  at  A.     Length*of  one  side  of  roof  =  i^5o"  +"35*  =  61.0  ft.     Angle  a  =  35°. 


( 


End 


Fig.  66 


wind 
Boiler  Side 


Let  D  =r  total  dead  load,  5  =  total  snow  load,  W  =  total  wind  load  upon  either  side 
/*^  ^  panel  dead  load,  P,  =  panel  snow  load,  and  P„  =  panel  wind  load. 

From  Art.  5 1,  cq.  (i),  the  weight  of  the  truss  may  be  taken  at  5^*/*,  =  ^•X  20  X  (100)'  = 
8333  lbs.*    Assuming  weight  of  roof  at  15  lbs.  per  square  foot,  the  total  weight  =  15  x  2  X 

61.0  X  20  =  36600  lbs.     Total  dead  load,  or 
D,  =  44933  lbs.,  and  P^  =  5620  lbs. 

Taking  snow  load  at  20  lbs.  per  square 
foot  of  hor.  proj.,  we  have  5  =  40900  lbs. 
and  P,  =  5000  lbs. 

/  The  normal  component  of  the  wind 
pressure,  according  to  Art.  52,  with  a  =:  35"*, 
is  22.6  lbs.  per  square  foot.  Whence,  IV  = 
22.6  X  20  X  61.0  =  27570  lbs.,  and  P„  = 
JfF=  6890  lbs. 

After  drawing  the  truss  carefully  to 
scale  (the  scale  used  should  be  from  10  to  20 
feet  to  an  inch),  we  proceed  to  draw  the 
diagram  for  dead  load,  Fig.  67  {a).  Each 
joint  load  =  P^  =  5620  lbs.,  except  the  loads 
at  the  end  joints,  each  of  which  =  iP^  =  2810 
lbs.  These  loads  are  laid  off  to  form  the  load 
line  AA\  The  abutment  reactions  are  A'L 
and  LA,  each  =  iA^A.  Beginning  at  A,  the 
diagram  is  drawn  exactly  as  in  Art.  46,  Fig.  49.  The  scale  actually  used  in  the  calculations 
was   5000  lbs.  to  one  inch.     In   the   diagram,  heavy  lines   denote  compression,  light  lines 
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tension.  The  stresses  in  the  members  due  to  dead  load  are  given  in  the  second  column  of  the 
following  table ;  they  were  readily  scaled  off  to  the  nearest  hundred  pounds.  The  stress  in 
Lg  is  given  as  18700  lbs.,  while  by  actual  calculation  it  is  18733  lbs. 

The  diagram  for  snow  load  will  be  a  figure  similar  to  the  one  for  dead  load,  and  the 
stresses  in  the  two  cases  will  be  proportional  to  the  corresponding  loads.  If  we  multiply 
each  dead-load  stress,  therefore,  by  fJ^JJ,  we  will  have  the  corresponding  snow  load  stress. 
These  are  best  found  with  the  slide-rule ;  they  are  given  in  the  third  column  of  the  table. 

For  wind  stresses  we  must  consider  the  wind  blowing  first  from  one  side,  then  from  the 
other,  since  the  abutment  reaction  at  the  roller  end  must  in  both  cases  be  vertical,  and  the 
stresses  produced  in  the  two  cases  will  therefore  not  be  symmetrical.  Fig.  6y  {b)  is  the  diagram 
for  wind  from  the  left.  The  load  line  is  AE\  The  abutment  reaction,  LA,  at  Ay  is  easily 
found  by  putting  2  mom.  about  ^'  =0;  the  force  polygon  AE'L  then  gives  the  other 
reaction,  A'L,  Beginning  at  A,  the  diagram  is  readily  constructed.  It  will  be  found  that 
there  are  no  stresses  in  f'e\  e!d\  etc.  Column  4  gives  the  stresses  found  from  the  diagram. 
It  is  seen  that  the  stresses  in  the  pieces  Lg,  gf\  gd\  La\  and  Lc*  are  compressive,  whereas 
they  were  tensile  for  dead  load  ;  the  resultant  stresses  are,  however,  all  tensile.  If  the  roof 
had  a  greater  rise,  the  compressive  stresses  due  to  wind  load  would  be  increased ;  and  if  the 
rise  were  great  enough,  they  would  be  greater  than  those  due  to  dead  load  and  the  resultant 
stresses  would  be  compressive.     These  members  would  then  need  to  be  counter-braced. 

The  diagram  for  wind  pressure  on  the  right  is  given  in  Fig.  67  {c).  The  load  line  is  A'E, 
The  reactions  are  found  as  before  and  the  diagram  then  drawn.  The  stresses  thus  found  are 
given  in  column  5. 

The  maximum  stress  of  each  kind  in  each  piece  is  now  obtained  by  combining  with  the 
dead-load  stress,  whatever  possible  combination  of  the  snow  and  wind  load  stresses  will  gfve 
the  greatest  total  tension  and  the  greatest  total  compression.  Column  6  gives  these  maximum 
stresses.     It  is  seen  that  no  piece  is  ever  subjected  to  counter-stresses. 


TABLE  OF  STRESSES. 


Member. 

Dead  Load. 

Snow-load. 

Wind  from  Left. 

Wind  from  Right. 

Maximum. 

£a 

1-43400 

-39'oo 

h  24500 

„ 

-  18700 

-  107000 

Cb 

-  40150 

. 

-  36150 

- 

-24500 

- 

-  18700 

-  100800 

De 

-36950 

- 

-  332JO 

- 

-  24500 

- 

-  18700 

-  94700 

H 

-  33700 

- 

-  30300 

- 

-24500 

- 

-  18700 

-  89500 

ab 

-  4600 

- 

|-  4100   ^ 

- 

|-  6900 

-  15600 

cd 

-  9200 

- 

h  8300 

- 

-  13800 

-  31300 

• 

-  4600 

- 

-  4100 

- 

f-  6900 

-  15600 

-  5150 

-  4650 

-  7700 

-  17500 

de 

-  5150 

—  4650 

-  7700 

-  17500 

La 

-  35850 

—  32200 

—  18300 

-  15500 

—  86400 

Lc 

—  30700 

—  27600 

—  10600 

—  15500 

-  73800 

I-i 

—  18700 

—  16800 

+  4400 

—  14100 

—  49600 

id 

—  13600 

—  12300 

—  14600 

—  2700 

—  40500 

^l 

—  18800 

—  76900 

—  22300 

—  2700 

—  58000 

< 

—  18800 

—  16900 

- 

h  700 

—  25800 

—  61500 

«f. 

—  13600 

—  12300 

- 

-  700 

—  18100 

—  44000 

Ltf 

—  30700 

—  27600 

i 

-  4800 

—  31000 

—  89300 

la' 

m3     M 

-  35850 

—  32250 

- 

-  4800 

-38700 

—  106800 

-  5150 

—  4600 

-  7700 

-  17500 

-  5150 

—  4600 

-  7700 

-  17500 

z 

-  4600 

- 

-  4100 

- 

-  3900 

-  15600 

-  9200 

*     ^ 

-  8300 

- 

-  13800 

-  31300 

a^b' 

■  4600 

- 

V  4100 

- 

-  6900 

-  15600 

-  -  33700 

- 

h  30300 

- 

-  13600 

- 

-  29800 

f-  93800 

!>/ 

-36950 

- 

-  33250 

- 

-  13600 

- 

-  29800 

-  lOOOOO 

Cb' 

-  40150 

- 

-  36150 

- 

-  13600 

- 

-  29800 

-  106100 

Ba^ 

-43400 

" 

-  39000 

■■ 

■  13600 

*" 

-  29800 

-  1122O0 
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Fig.  68. 


57.  The  Quadrangular  Truss. — Fig.  68  is  a  half-diagram  of  the  roof-truss  of  th^ 

Jersey  City  station  of  t^ie  Central  Railroad  of  New 
Jersey.  Distance  between  trusses  =  32.5  ft.  All  upper 
panels  =  13  ft.  l-^  in.  Other  dimensions  as  shown. 
Left  end  on  rollers. 

In  this  truss  the  lower  chord  and  diagonals  are  eye- 
bars  capable  of  resisting  tension  only  (except  the  end 
panels  of  the  lower  chord,  which  members  are  counter- 
braced).  Wherever,  therefore,  these  members  would  be 
subjected  to  compression  from  wind  loads,  it  is  necessary 
to  insert  the  counters  (shown  by  dotted  lines)  which  would  then  be  in  tension  and  would 
prevent  the  distortion  of  the  quadrilaterak. 

The  diagram  for  dead  load  is  drawn  as  before,  omitting  the  counters.  Snow  load  stresses 
are  also  found  as  before. 

For  wind  load,  some  of  the  counters  will  come  into  action,  and  as  the  dead  load  always 
acts  with  the  wind  load,  it  will  be  more  convenient  to  combine  the  dead  and  wind  load  for 
each  joint  and  draw  a  diagram  for  this  combined  loading.  Where  there  are  counters,  only 
the  diagonal  which  is  in  tension  should  be  considered.  This  can  easily  be  determined  by  a 
trial  diagram.  If  any  diagonal  be  found  in  compression  where  there  is  no  counter,  a 
counter  must  be  inserted.  The  wind  must  be  considered  as  acting  first  on  one  side,  then  on 
the  other. 

For  maximum  stresses  of.  both  kinds  we  have  simply  to  remember  that  the  dead  load 
may  act  alone,  or  combined  with  either  of  the  other  three,  or  combined  with  snow  and  either 
of  the  wind  loads. 

The  student  should  assume  loads  according  to  Arts.  51,  52,  and  make  the  complete 
anal3rsis. 

5&  Analysis  of  a  Crescent  Truss. — Fig.  69  is  a  half  diagram  of  the  roof-truss  of  the 
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St.  Louis  Exposition  Building.    The  complete  analysis  is  given  below,  according  to  the  fol 
lowing  data  and  assumptions: 

Distance  between  trusses  =  ^  =  16  ft. 

Total  weight  of  one  truss  =  7*  =  A-*/*  =  10400  lbs. 

Weight  of  roof  =  20  lbs.  per  square  foot  of  roof-surface. 

Snow  load  =  20  lbs.  per  square  foot  of  horizontal  projection,  to  be  treated  as  acting : 
irst,  all  over ;  and  second*  on  sne  half  only. 
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Wind  pressure  according  to  the  table  of  Art.  52. 

Assuming  an  average  panel  length  of  the  upper  chord  of  9.3  ft,  the  total  dead  load  per 
panel  = 

Prf  =  20  X  9-3  X  i6  +  ii^  =  2976+743  =  3719.    Call  it  3700 lbs. 

^^  • 

The  snow  load  per  panel  s 

/>  =  20  X  8.9  X  16  =  2848.    Call  it  2850  lbs. 

The  wind  load  per  panel  varies  with  the  inclination.    The  different  panel  loads  are  given 
in  Fig.  69,  in  thousands  of  pounds. 

The  complete  dead  load  diagram  is  given  in  Fig.  Jo(d^\  the  st:. esses  for  uniform  snow 


1*  lu.  700. 


load  are  found  by  multiplying  the  dead  load  stresses  by  fff^.  These  dead  and  snow  load 
stresses  are  marked  D  and  5,  respectively,  in  Fig.  69  and  are  given  in  thousands  of  pounds. 

Fig.  70  (^)  is  the  full  diagram  for  snow  load  on  the  left  side  only.  The  corresponding 
stresses  are  marked  5"^  in  Fig.  69.  The  stresses  in  the  members  of  the  left  half  of  the  truss 
due  to  snow  load  on  the  right  only,  are  the  same  as  those  in  the  right  half  due  to  snow 
on  the  left.  These  stresses  are  already  given  in  Fig.  70  (b\  and  are  scaled  off  and  placed 
along  the  pieces  of  Fig.  69  and  marked  Sr.  Only  web  stresses  are  desired  for  unsym- 
metrical  loading,  as  the  chord  stresses  are  greater  with  full  snow-load. 

The  diagrams  for  wind  load  are  given  in  Figs.  70  {c)  and  {d).  Fig.  [f)  is  for  wind  from 
left,  left  end  fixed.  In  drawing  the  diagram  for  wind  from  the  right,  we  may,  for  convenience, 
consider  the  truss  turned  end  for  end.  The  left  end  will  now  be  on  rollers  and  the  right  end 
fixed.  The  vertical  components  of  the  reactions  remain  the  same,  but  the  horizontal 
component  now  acts  at  the  right  end.     The  stresses  found  for  the  right  end  are  thus  really 
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those  for  the  left  end.  It  is  to  be  noted  that  the  stresses  in  the  right  half  due  to  wind 
pressure  are  not  quite  the  same  as  those  in  the  left  half.  The  stresses  marked  in  Fig.  69  are 
the  maximum  of  each  kind  which  occur  in  either  of  the  two  symmetrical  members  due  to 
wind  from  fixed  end  (W^/?)  and  wind  from  roller  end  (fFie).  Thus,  with  wind  from  either 
direction,  the  greatest  chord  stresses  are  in  the  half  truss  towards  the  wind,  and  these  are  the 
stresses  given.  In  practice  the  truss  would  be  built  symmetrically.  The  total  maximum 
stresses  are  marked  M, 

All  loads  and  stresses  are  given  in  thousands  of  pounds. 

59.  The  Arch-truss. — The.  stresses  in  a  three-hinged  arch,  as  in  Fig.  65,  p.  35,  arc 
readily  found  by  diagram,  the  reactions  at  /4,  B,  and  C  having  been  once  obtained.  Consider- 
ing B  as  the  roller  end,  we  can  get  the  abutment  reactions  at  A  and  B  as  in  any  other  truss, 
either  analytically  or  graphically,  by  treating  the  structure  as  a  whole.  The  stress  in  the  tie 
AB\%  found  by  passing  a  section  through  C  and  the  tie,  treating  the  structure  to  the  left  and 
putting  ^"  mom.  about  C  =  o.  Knowing  the  stress  in  AB  and  the  abutment  reaction  at 
Ay  we  have  at  joint  A  but  two  unknown  forces.  Beginning  then  at  this  point  we  can 
construct  the  diagram  for  the  truss  AC*  Above  the  point  D  a  double  system  of  web 
members  is  inserted  which  is  to  be  treated  as  explained  in  the  next  article. 

The  loads  assumed  in  the  actual  computation  of  the  stresses  in  this  truss  were:*  a  dead 
load  of  about  30  lbs.  per  square  foot  (whether  of  roof  or  of  horizontal  projection  is  not 
stated) ;  a  snow  load  of  17  lbs.  per  square  foot ;  and  a  wind  pressure  of  35  lbs.  per  square  foot 
of  elevation.  The  snow  load  was  assumed  to  exist :  first,  all  over ;  second,  on  the  twelve 
centre  panels  only ;  and  third,  on  one  side  only. 

Since  the  two  trusses,  yiCand  CB,  are  supported  alike,  it  is  necessary  to  consider  the 
wind  pressure  from  one  side  only,  the  stresses  in  CB  for  wind  from  the  left  being  the  same  as 
in  AC  {ox  wind  from  the  right.  For  the  tie  AB^  however,  wind  pressure  on  the  left  increases 
its  tension,  while  wind  from  the  right  decreases  it  and  in  fact  produces  a  slight  compression. 

If  the  tie  AB  is  omitted,  the  horizontal  thrust  must  be  resisted  by  the  abutments  them- 
selves, the  structure  then  being  a  true  arch.  In  that  case  the  abutment  reactions  are  found 
as  in  Art.  31,  Ex.  3.  The  process  there  given  amounts  to  precisely  the  same  thing  as  that 
above  for  finding  the  resultant  reaction  of  tie  and  abutment. 

For  wind  loads,  which  are  so  variously  inclined,  it  will  be  simpler  to  find  the  reactions 
and  also  the  stress  in  tie  AB  by  means  of  an  equilibrium  polygon.  Fig.  65  {a)  shows  a  force 
diagram  for  wind  load  on  the  left.  The  load  line  is  I,  2  ...  14;  the  pole  O  is  chosen  at  any- 
convenient  point.  To  draw  the  equilibrium  polygon,  begin  at  A^  the  fixed  end;  the 
closing  line  is  drawn  from  A  to  the  intersection  of  the  last  segment  with  the  vertical  reaction 
line  BB'.  The  line  On  drawn  parallel  to  AB\  meeting  the  vertical  14-;*  at  «,  determines 
the  reactions  at  B  and  A\  they  are  equal  to  i4-«  and  /i-i,  respectively.  Knowing  the 
reaction  at  By  the  stress  in  AB  is  found  by  a  simple  equation  of  moments,  centre  at  Cy  of  the 
forces  acting  on  the  right-hand  portion ;  or,  the  equilibrium  polygon  may  be  utilized  as  in 
Art.  40,  thus: — Treating  the  forces  {T\  /\ ,  7^,  etc.)  to  the  left  of  a  section  through  Cand 
AB,\\\€\x  moment  about  C  may  be  found  by  drawing  Cx'  parallel  to  their  resultant,  ^-14, 
and  xC  vertically.  Their  moment  about  C  is  then  equal  to  their  moment  about  x'y  which 
equals  x'C  X  sn^  the  horizontal  projection  of  the  ray  (9-i4,  This  moment  divided  by  the 
lever-arm  oi  AB  gives  the  required  stress.  This  method  is  especially  useful  where  we  com- 
bine the  dead  with  the  wind  loads,  as  in  that  case  the  portion  CB  is  loaded  and  the  analyt- 
ical method  necessitates  the  computation  of  the  moments  of  all  these  loads. 

60.  Trusses  with  Double  Systems  of  Web  Members,  as  in  Figs.  64  and  65,  may  be 
analyzed  by  treating  each  system  separately,  together  with  the  loads  acting  at  the  vertices  of 


See  Engimtring  JViWS,  Sept.  a6,  Oct.  3,  1891. 
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that  system.  Thus  in  Fig.  64,  the  chords  with  the  system  shown  by  full  lines  constitute  one 
system,  while  the  chords  with  the  dotted  diagonals  constitute  the  other. 

The  stresses  in  the  diagonals  result  directly,  while  those  in  the  chords  are  found  by 
adding  the  stresses  in  each  member  due  to  each  system.  In  drawing  the  diagrams  it  is 
sufficiently  accurate  to  consider  the  chord  as  a  straight  line  between  consetutive  joints  of  the 
same  system. 

In  Fig.  65  one  system  may  be  taken  as  Ddbc^de^Jg'hi'kl'C  with  the  radial  struts  at 
^>  ^>  ^>  gy  h  and  //  and  the  other  as  DD'aVcd'ef'gh'ik'lC  with  the  struts  at  b^  dy  f^  A,  and  k. 
In -treating  each  system,  one  half  of  a  panel  load  is  to  be  placed  at  each  apex  and  the  stresses 
determined  as  for  a  simple  truss,  each  piece  being  designed  to  take  either  tension  or 
compression.  One  diagram  must  be  constructed  for  each  system  and  for  each  kind  of 
loading,  and  the  results  combined  for  the  maximum  stresses.  The  maximum  chord  stresses 
result  by  adding  those  due  to  each  system. 
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CHAPTER  IV. 

BRIDGE-TRUSSES— ANALYSIS  FOR  UNIFORM  LOAD& 

GENERAL  CONSIDERATIONS. 

61.  Preliminary  Statement. — ^The  particular  method  of  analysis  to  be  selected  for  a  bridge- 
truss  depends  upon  the  kind  of  loading  and  upon  the  form  of  truss.  The  analysis  of  bridge-trusses 
will  therefore  be  treated  under  three  general  heads  corresponding  to  the  three  methods  of  loading, 
viz.,  Uniform  Loads,  Actual  Wheel  Loads,  and  Conventional  Methods  of  Loading,  no  distinction 
being  made  between  highway  bridges  and  railroad  bridges,  except  as  to  loads  assumed.  Under 
each  of  these  heads  will  be  treated  the  various  forms  of  trusses  for  which  such  loads  ^  are 
commonly  specified. 

62.  The  Dead  Load  consists  of  the  entire  weight  of  the  bridge,  including  floor  system.  This 
weight  will  of  course  vary  with  the  live  load  to  be  carried,  the  working  stresses  employed,  type  of 
truss,  etc.;  it  cannot  be  exactly  determined  until  after  the  design  is  completed.  In  proceeding 
with  a  design  the  wooden  floor  is  first  designed,  or  its  dimensions  assumed  from  the  specifications, 
and  its  weight  calculated.  The  weight  of  the  steelwork  is  then  estimated  by  means  of  an  empirical 
formula  based  on  the  actual  weight  of  bridges  of  the  class  in  question.  After  the  total  dead  weight 
is  thus  determined,  the  stresses  are  calculated  and  the  design  made.  If  the  actual  weight  of  the 
completed  design  differs  essentially  from  the  assumed  weight  (more  than  4  or  5  per  cent.)  the  com- 
putations are  revised. 

For  highway  bridges  the  weight  of  trusses  and  floor-beams  for  bridges  with  a  roadway  16  feet 
wide  is  given  approximately  by  the  formula 

«f-iWv^So* (I) 

where  TCfa weight  per  lineal  foot,  /«8pan  in  feet^  and  ^»live  load  per  lineal  foot    For  the  common 
value  of  ^««i6oo, . 

tc;a2/+5o. (lo) 

For  bridges  of  less  or  greater  width  than  16  feet  subtract  or  add  15  lbs.  per  foot  for  each  two  feet 
change  in  width.    Thus  the  weight  ^f  steel  in  a  bridge  150  feet  long,  20  feet  wide,  and  designed 

for  a  live  load  of  2000  lbs.  per  foot  will  be  approximately  t\  X  150X^2000-!- 50-h  2X15 =416  lbs. 
per  foot. 

For  railroad  bridges  designed  for  a  live  load  consisting  of  two  182  J- ton  locomotives  followed 
by  a  uniform  load  of  5000  lbs.  per  foot  (Cooper's  £-50  loading)  the  weights  of  steel  are  given  by 
the  following  formulae: 

For  deck  plate  girders 

W'»ial+iso.  .    •    •    •    • •    (2) 
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For  through  plate  girders  with  bealns  and  stringers 

w==i2l+soo.  .    .    .- (3) 

For  trusses 

-^  t«;=7/+6so. (4) 

r 

For  a  fuller  discussion  of  this  subject  see  Chapter  XVI. 

63.  The  Live  Load  for  highway  bridges  not  subjected  to  street-car  traffic  is  taken  as  a  uniform 
load  of  from  50  to  100  lbs.  per  square  foot  of  roadway,  or  the  heaviest  concentrated  load,  due  to 
a  road  roller  or  the  like,  which  is  likely  to  come  upon  the  structure.  The  uniform  load  generally 
gives  the  maximum  stresses  in  the  main  truss  members,  while  the  concentrated  load  usually  governs 
the  design  of  the  floor  system.  For  city  and  many  country  bridges  electric  street  cars  constitute 
a  large  part  of  the  live  load.  For  details  of  weights  of  such  loads  the  student  is  referred  to  standard 
specifications. 

For  railroad  bridges  the  load  usually  specified  is  that  of  two  of  the  heaviest  locomotives  on  ' 
the  road  in  question,   or  certain  standards  equivalent  thereto,  coupled  in  direct  position  and 
followed  by  a  uniform  load  equivalent  to  the  heaviest  probable  train  load.    Examples  of  such 
loading  are  given  in  succeeding  chapters. 

64.  The  Wind  Pressure  is  carried  by  lateral  trusses  placed  between  and  connecting  the 
vertical  trusses.     The  loads  assumed  and  resulting  stresses  are  discussed  in  Chapter  VII. 

65.  Apex  Loads. — In  the  determination  of  stresses  in  a  truss  all  loads  are  assumed  to  be 
applied  at  joints  only.  The  dead  load  is  usually  considered  as  a  uniform  load  and  assumed  to 
be  distributed  arnong  all  the  joints;  but  as  the  floor  of  a  bridge  constitutes  a  considerable  part  of 
its  weight,  the  amount  of  dead  load  applied  along  the  loaded  chord  will  be  considerably  more  than 
half  the  total.  Except  in  the  case  of  very  large  structures  it  is  sufficiently  accurate  to  assume  two- 
thirds  of  the  dead  load  applied  at  the  joints  of  the  loaded  chord  and  ofie-third  at  the  joints  of  the 
unloaded  chord.  For  large  structures  it  is  often  desirable  to  calculate  the  actual  distribution  of 
weigm  from  a  preliminary  design.     The  live  load  is  transferred  t6  the  truss  at  or  near  the  joints 

^  of  the  loaded  chord  by  means  of  the  floor  system.  All  the  live  load  is  therefore  applied  along  one 
chord. 

The  panels  of  a  truss,  or  the  distances  between  joints,  are  usually  equal;  and  where  the  load 
is  a  uniformly  distributed  one,  each  apex  or  joint  load,  except  those  at  the  ends,  is  equal  to  the  load 
per  unit  length  multiplied  by  the  panel  length.  Where  the  load  is  not  uniformly  distributed,  as 
in  the  case  of  concentrated  loads,,  any  particular  joint  load  must  be  found  by  considering  the  actual 
loads  in  the  panels  adjacent  to  the  joi|;it  in  question. 

The  loads  transferred  to  the  end  jointr  pass  directly  to  the  abutments  and  do  not  affect  the 
stresses  in  the  truss  except  in  the^end  details.  The  results  of  the  general  analysis  are  the  same 
whether  these  loads  are  taken  into  account  or  are  omitted,  and  for  simplicity  they  are  usually 
oifiitted.  Thus  in  a  bndge  consisting  of  eight  25-ft.  panels  and  loaded  with  a  uniform  load  of 
2000  lbs.  per  foot  each  of  the  seven  intermediate  apex  loads  would  be  equal  to  2000X25=50,000 

^7  ^^   Co  000 

lbs.,  and  each  abutment  reaction  would  equal '         =  175,000  lbs. 
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STRESSES  IN  SIMPLE  BEAMS. 

66.  Bending  Moment  in  a  Beam. — If  a  beam,  AB,  Fig.  72,  be  loaded  in  any  manner 
and  any  section  taken,  the  sum  of  the  moments  of  the  external 
forces  upon  either  side  of  the  section  about  the  neutral  axis, 
iV,  is  called  the  bending  moment,  or  simply  the  moment,  at  N. 
From  J  mom.  =0  we  see  that  the  bending  moment  is  equal 
but  of  opposite  sign  to  the  moment  of  the  stress  couple  at  N, 
Fig.  (a).  Whence  we  say  that  the  moment  of  the  external 
forces  is  balanced  by  the  moment  of  the  internal  stresses.  For 
convenience  we  call  bending  moment  positive  when  it  causes 
convexity  downwards  or  produces  tension  in  the  lower  fibres,  and  negative  when  the  reverse.  Its 
sign  is  thus  seen  to  agree  with  the  sign  of  the  moment  of  the  external  forces  to  the  left  of  the 
section,  and  to  be  the  opposite  of  the  sign  of  the  moment  of  the  forces  to  the  right.  In  a  simple 
beam  all  downward  loads  cause  positive  moment  at  ,all  points. 

Uniform  Loads, — A  uniform  load  may  be  fixed,  as  in  the  case  of  a  dead  load,  or  movable, 
as  in  the  case  of  a  live  load.  A  movable  uniform  load  may  or  may  not  extend  entirely  across  a 
beam  or  bridge.  In  the  latter  case  the  load  is  uniform  only  so  far  as  it  goes,  but  the 
beam  or  bridge  cannot  be  said  to  be  uniformly  loaded. 

The  bending  moment  in  a  simple  beam  under  a  fixed  uniform  load  is  discussed  in  Chap.  II, 
p.  31.  It  varies  as  the  ordinates  to  a  parabola,  the  maximum  moment  being  at  the  centre  and 
equal  to  ipP,  where  />=load  per  unit  length  and  /=span.  The  moment  at  any  point,  distant  x 
from  the  centre,  is  given  by  the  equation 


M^ipP-ipx\ 
This  equation  may  be  written  in  the  form 


(5) 


M 


=  J/.(^-:v*)  =  Ji>(^-.r)(i+*) (5a) 


That  is,  the  bending  moment  at  any  point  in  a  beam  under  a  uniform  load  equals  one-half  the  load 
per  foot  multiplied  by  the* product  of  the  two  segments  into  which  the  beam  is  divided, 

A  movable  uniform  load  will  cause  the  greatest  moment  at  all  points  when  it  extends  entirely 
across  the  beam;  for  the  addition  of  a  load  anywhere  on  the  beam  will  add  to  the  positive  moment 
at  all  points.  The  maximum  moments  due  to  a  movable  uniform  load  are  thus  the  same  as  those 
due  to  a  fixed  uniform  load  and  are  given  by  eqs.  (s)'"and  (sa).  These  equations  will  enable  the 
moments  to  be  computed  in  any  simple  beam  or  plate  girder  for  uniform  loads. 

Single  Concentrated  Load. — For  a  single  concentrated  load. 
Fig.  73,  the  maximum  moment  at  any  point  occurs  when  the 
load  is  at  that  point,  for  a  movement  to  either^  side  reduces 
the  opposite  abutment  reaction  and  hence  the  moment.  This 
maximum  moment  is  given  by  the  equation 


tlG.  73 


-+x 


-^wn-X'^) 


(6) 
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This  is  seen  to  be  the  equation  of  a  parabola  whose  ordinate  is  a  maximum  for  a;=o,  the  value 

/ 
of  this  ordinate  being  equal  to  P— . 

2P 

If  we  substitute  —  for  p  in  eq.  (5)  we  shall  get  eq.  (6),  thus  showing  that  the  maximum 

bending  moments  due  to  a  moving  concentrated  load  are  the  same  as  for  twice  that  load  when 

uniformly  distributed  over  the  beam. 

Two  Equal  Cmcentrated  Loads. — ^In  the  case  of  two  equal  loads,  a  fixed  distance  apart,  it  is 

desirable  to  investigate  the  variation  in  the  moment  which 
occurs  under  one  of  the  loads  as  they  both  move  across 
the  beam.  In  Fig.  74  the  bending  moment  under  Pj 
may  readily  be  found  by  adding  the  moments  due  to  P, 
and  P2  found  separately.  The  moment  due  to  P^  is  given 
by  eq.  (6),  and  in  Fig.  74  the  curve  AcB  represents  this 
moment.  The  moment  due  to  P,  is  readily  written  out 
as  follows: 


M^'P^y 


^-^x-a 


(f-')4'(:— ^«')- « 


This  is  the  equation  of  the  parabola  AdW,  whose  maximum  ordinate  is  -r[ ]    when  «=— • 

Adding  these  moments  and  calling  each  load  P,  the  total  moment  under  P,  is 


„    P//»        ,    «/        \ 


(8) 


This  is  represented  by  the  curve  ACD.    Beyond  D  the  total  moment  is  given  by  eq.  (6)  and 
the  curve  DB, 


a 


The  value  of  M  in  eq.  (8)  is  a  maximum  when  ^=—  and  is  then  equal  to 


M 


max 


-§('-^)" 


(9) 


That  IS,  the  maocimum  moment  in  a  beam  loaded  with  two  equal  moving  concentrated  loads  occurs 
under  one  of  the  loads  when  that  load  is  placed  at  a  distance  from  the  centre  equal  to  one-jourth  the 
distance  between  the  loads,  the  other  load  being  on  the  other  side  oj  the  centre. 

The  moment  under  P,  is  shown  by  the  curve  AD' OB,  symmetrical  to  ACDB. 

For  beams  whose  length  is  less  than  2a  it  may  happen  that  the  moment  at  the  centre  point, 
with  one  of  the  loads  placed  at  that  point  and  the  other  off  the  beam,  will  be  greater  than  the 
maximum  moment  given  by  eq.  (9).  By  equating  such  centre  moment  (  =  \Pl)  with  the  moment 
of  eq.  (9)  and  solving  for  /,  we  find  that  the  two  moments  are  equal  when  /=  1.71a.  For  smaller 
values  of  /  the  centre  moment,  \Pl,  is  therefore  the  maximum  moment  caused  by  the  moving  loads. 

The  curve  of  maximum  moments  for  any  form  of  loading  may  be  found  by  a  method  similar 
to  the  above,  but  the  subject  will  not  be  treated  further  here.  The  succeeding  chapter  discusses 
the  location  of  the  point  of  maximum  moment  in  a  beam  for  any  number  of  loads. 
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67.  Shear  in  a  Beam. — If  a  section  be  taken  at  any  point  iV,  Fig.  75,  in  a  loaded  beam, 
the  sum  of  the  vertical  components  of  the  external  forces  upon  either  side  of  the  section  is  called 
the  shear  on  the  section.  The  sign  of  this  resultant  vertical  force  is  evidently  plus  on  one  side 
and  minus  on  the  other;  but  for  convenience  we  shall  give  to  the  shear  the  same  sign  as  that  of 
the  resultant  force  on  the  left.  Positive  shear,  then,  is  when  the  left-hand  portion  tends  to  move 
upwards  on  the  right,  and  vice  versa.  From  I  vert.  comp.=o  we  know  that  the  shear  must  be 
balanced  by  the  internal  force  or  stress  in  the  section,  that  is,  by  the  action  of  the  portion 
removed  upon  the  portion  considered.  This  stress  is  called  a  shearing  stress  and  in  Fig.  (a)  it 
is  replaced  by  the  force  S. 

Uniform  Loads. — ^The  shear  at  any  point  iV  in  a  beam,  loaded  with  a  fixed  uniform  load  of 
p  lbs,  per  foot  (Fig.  76),  is  equal  to  the  left  abutment  reaction  minus  the  load  between  A  and  JV,  or 


Ri-i^-p{j-^) ( 


10) 


/ 


This  IS  the  equation  of  a  straight  line  having  a  maximum  positive  ordinate  of  p-  when  x=o,  and 

I 

an  equal  negative  ordinate  when  x=>l.    When  ^=— ,  5=»a 


N 


f 


f=E 


{«> 


<ll 


1b 


Fig.  75. 


Fig.  76. 


Fig.  77. 


For  a  moving  uniform  load  the  maximum  positive  shear  at  any  point  iV,  Fig.  77,  occurs  when 
all  possible  loads  are  added  to  the  right  and  when  there  are  no  loads  on  the  left;  for  adding  a  load 
to  the  right  increases  the  left  reaction  and  therefore  the  positive  shear,  while  adding  loads  to  the 
left  increases  the  left  reaction  by  an  amount  less  than  the  load  itself  and  hence  decreases  the  posi- 
tive shear.    The  maximum  shear  at  N  is  therefore 


S^R^^p(J-x)-^=^^(l-x)\ 


(") 


the  equation  of  a  parabola  with  vertex  at  the  right  end.    This  parabola  is  JB'C,  JBJB'  being  the 

pi 
axis;  the  ordinate  -4'C  is  equal  to  — .    The  maximum  negative  shear  is  found  by  loading  to  the 

left  of  the  point,  and  is 


S^-R, 


2/ 


■X' 


(12) 


the  equation  of  the  parabola  A^D. 

Where  a  beam  is  subjected  to  both  a  fixed  and  a  movable  uniform  load,  as  from  dead  and 
Kvc  loads,  the  maximum  positive  and  negative  shears  are  found  by  combining  the  shears  due  to 
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each  system  of  loading.  In  Fig.  77,  EF  represents  dead-load  shears;  whence  the  maximum  posi- 
tive shears  are  found  graphically  by  adding  the  ordinates  of  this  line  to  those  of  CB\  giving  the 
curve  C'F/^  This  curve  crosses  the  axis  at  G,  the  dead-load  negative  shears  to  the  right  of  this 
point  being  greater  than  the  live-load  positive  shears.  From  G  to  J?',  therefore,  positive  shear 
cannot  occur.  The  curve  ED'  gives  the  maximum  negative  shears  from  H  to  J?',  none  being 
possible  from  A'  to  H.    Between  H  and  G  both  kinds  of  shear  are  possible. 

To  the  left  of  H  the  curve  EH  gives  the  minimum  positive  shears,  these  being  less  than  the 
dead-load  shears  by  the  amount  of  the  live-load  negative  shears  shown  by  the  curve  A'D.  To 
the  right  of  G  the  curve  GF  likewise  gives  the  minimum  negative  shears.  Between  H  and  G  the 
upper  limit  of  the  shear  is  positive  and  the  lower  limit  negative.  In  general  the  shears  may  range 
anywhere  between  the  limits  shown  by  the  curves  CF  and  ED',  The  actual  values  of  the  shears 
are  best  found  by  the  use  of  eqs.  (10),  (11),  and  (12). 

In  practice  it  is  sometimes  required  to  find  maximum  shears  only,  and  sometimes  both 
maximum  and  minimum  shears.  In  either  case  considerations  of  symmetry  render  it  necessary 
to  analyze  one-half  the  beam  only. 

Example. — Let  it  be  required  to  calculate  the  dead-load  shears  and  the  maximum  positive  and  negative 
live-load  shears  at  points  5  ft.  apart  in  a  beam  60  ft.  long,  Fig.  78.  Dead  load  =  400  lbs.  per  foot;  live 
load  =  1200  lbs.  per  foot. 

Dead4oad  Shears, — ^These  are  readily  found  by  means  of  eq.  (10),  althougli  it  is  hardly  necessary  to 

refer   to   a   formula   in    this   case.     The   resulting  values   are 
given   in    the  table  below  in  col.  2. 

Live-load  Shears.  —  The  maximum  positive  shears  are 
obtained  from  eq.  (11)  and  the  maximum  negative  shears  from 
eq.  (12).  These  values  are  given  in  cols.  (3)  and  (4)  of  the 
table. 
Combined  Shears. — Combining  the  dead-load  shears  with  the  maximum  positive  live  load  shears  gives 
the  values  of  col.  (5),  and  combining  with  the  maximum  negative  live-load  shears  gives  the  values  of 
col.  (6).  In  accordance  with  the  explanation  of  Fig.  T],  it  should  be  observed  that  in  the  upper  half 
of  cols.  (5)  and  (6)  are  given  respectively  the  maximum  and  minimum  values  of  the  shears  in  the  left  half 
of  the  beam.  K\.  e  the  minimum  is  just  zero;  at  y  and  .^'^  the  minimum  is  negative;  wliile  to  the  left  of 
e  the  minimum  is  positive.  The  values  for  the  rigiit  half  are  numerically  equal  to  but  of  opposite  sign 
from  those  for  the  left  half.     They  are  given  here  for  sake  of  clearness. 

The  results  of  this  analysis  should  be  carefully  studied,   as   the  general  relations  here  shown  are  of 
much  importance  in  truss  analysis. 

TABLE  OF  SHEARS. 


Fig.  78. 
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/     .r     \' 

*  This  curve  is  also  a  parabola  and  may  be  constructed  by  laying  off  vertically  trom  hf  the  distances  [  I    A'C, 

Iktc  r=«  horizontal  distance  of  the  point  from  /•'. 
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Concentrated  Loads. — ^For  a  single  load  Pj,  Fig.  79,  the  positive  shear  at  any  point  N  ii 
greatest  when  the  load  is  just  to  the  right  of  the  point,  for 
the   left  reaction  is  then  a   maximum.     This   maximum 
shear  is 

5.=P,f-^), (13) 

the  equation  of  the  straight  line  CB^,  Fig,  80.  The  ordi- 
nate A'C=Pi.  In  like  manner  the  maximum  negative 
shear  occurs  with  the  load  just  to  the  left  of  the  point  and  is 


S.—Pq 


(14) 


Fig.  80. 


This  negative  shear  is  represented  by  the  line  A^D, 

For  two  equal  loads,  P^  and  P3,  the  maximum  positive  shear  occurs  when  Pj  is  just  to  the 
right  of  the  point.  The  shear  due  to  P^  is  given  by  eq.  (13)  and  the  line  CB\  The  shear  due 
to  P,  when  Pj  is  at  N  is  equal  to  left  abutment  reaction  for  Pj,  or 

l—(x+a) 


S2  —  "2 


I 


(IS) 


This  is  zero  for  x^l-^a,  and  is  equal  to  Pj  for  x=^  —  a  if  that  were  possible;  it  is  represented  by 
the  line  FE,  where  P-B'  and  GA'  =  a  and  GE^P^^  The  total  shear  is  the  sum  of  the  second 
members  of  eqs.  (13)  and  (15).  It  is  found  graphically  by  making  CI=LA'  and  drawing  IK  to 
meet  CB'  in  the  vertical  through  P.  The  total  negative  shears  are  found  likewise.  They  are 
equal  to  the  ordinates  to  the'line  -4'X'P. 

For  three  loads  the  shear  diagram  would  be  I"K!'KB' ^  and  so  on,  the  curve  approaching 
to  a  parabola  as  the  limiting  case  when  the  load  is  uniform  per  unit  length. 

In  this  article  and  the  preceding  but  two  of  the  equations  of  equilibrium  have  been  used, 
viz.,  I  mom.  =  o  and  I  vert.  comp.  =  0.  These  two  equations  are  the  only  ones  that  involve  the 
external  forces,  since  these  forces  have  been  taken  as  vertical,  the  usual  condition  for  bridges  and 
beams.  In  the  arch,  however,  the  third  condition  is  involved  and  we  have  moment,  shear,  and 
thrust. 

BRIDGE-TRUSSES   W^ITH   HORIZONTAL  CHORDS. 

68.  Chord  Stresses — ^The  most  convenient  method  of  calculating  chord  stresses  is  by  the 
method  of  moments,  using  for  each  chord  member  a  single  moment  equation  with  centre  of  moments 

at  the  intersection  of  the  opposite  chord 
member  and  the  web  member  cut  by  the 
assumed  section.  For  example,  in  Fig.  81  if 
the  stress  in  5-7  is  desired,  pass  the  section  /w, 
consider  the  portion  of  the  structure  on  the 
left,  Fig.  (a),  and  write  I  moments  =0  with 
point  6  as  moment  centre.  The  resuUing 
equation  will  contain  only  one  unknown 
quantity,  5j,  it  being  assumed  that  Ry^  has 
been  previously  calculated.  If  M^  represents 
the  sum  of  the  moments  of  the  external  forces 
we  will  find  that  5iA  +  M,=o,  or  S^=  —  Af^. 
In  a  similar  way  we  will  find  Sj^^  ""  Afg,  etc. 

For  a  truss  supported  at  the  ends  the  value  of  M  will  always  be  positive,  as  in  the  case 
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of  a  beam,  hence  the  moment  of  the  chord  stress  will  always  be  negative.  This  requires  the 
stress  in  all  lower  chord  members  to  be  tensile  and  in  all  upper  chord  members  compressive. 
This  being  always  true,  the  sign  of  the  chord  stress  need  not  be  further  considered,  it  being 
necessarj'  only  to   find    its  numerical    value.      For    this    purpose    it  is  customary   to    write 

5i  =  -7-*  and  S^^-j^,  etc  Or^  in  general,  for  chord  stress  in  a  horizontal-chord  truss  with  single 
web  system 

5=p. (i6) 

in  which  If = sum  of  the  moments  of  the  external  forces  on  the  left  (or  right)  of  the  section  about 
the  opposite  chord  point,  and  A = height  of  truss. 

In  calculating  M  where  the  panel  lengths  are  equal  it  simplifies  the  work  to  use  Hil-  panel 
length  d  as  the  unit  of  length  and  then  to  multiply  the  result  so  found  by  this  length,  i  hus  in 
calculating  S^  in  the  above  example  we  may  write  3fe=(i^i-2j— tVi-iJ-H^j-i—iyfi'^" '^B'i)Xd. 
Usually  all  the  lower  joint  loads  are  equal,  and  all  the  upper  joint  loads,  in  which  case  we  may  write 
Ma  =  [i?i-2j— PF/(iJ+i)— W«(2+i)]X(/,  where  WT/ «  lower  joint  load  and  W^«  =  upper  joint 
load. 

Formula  jor  Moments  for  a  Uniform  Load. — ^When  the  load  which  is  applied  along  the  loaded 
chord  of  a  bridge  is  uniformly  distributed,  a  very  simple  formula  may  be  derived  for  the  moments 

resulting   therefrom   at   the   joints   of   the    loaded 

/r J- -1^ -^ yr -\  chord,  or  at  any  point  in  a  load  vertical.     Let  AB, 

/\/\/\/\/\/\         Fig-  82,  be  any  bridge  in  which  the  lower  is  the 

-^/ V V -V^ — ^ — Y ^^^      loaded  chord.     Let  d= panel   length,   w  =  number 

^'bzZI"Il"!^IZI"~^i^::i::!^'^::ii::f'     ot  panels  on  the  left  of  any  lower  joint  C,  and  fw'  = 

Txa,  82.  number  of  panels  on  the  right.     Suppose  a  uniform 

load  of  p  pounds  per  foot  be  applied  along  AB, 
producing  joint  loads  equal  to  pd.    There  are  w-i  joint  loads  (omittinjj;  thosj  at  A  and  B)  and 

therefore  ifi=  -.     To  the  left  of  C  are  w  — i  loads  whose  average  distance  from  C  is  — 


2 


2 


The  bending  moment  at  C  is  therefore  equal  to 


M 


=  R,Xmd-{m-i)pdX  —  =-^^ ^md-^^(m-i)m^^^{mm').  .    .    .    (17) 


The  stress  in  the  chord  member  opposite  is  then  given  by  the  equation 

•S'=-^=J^(wwO (17a;  J 

Compare  cq.  (17)  wnth  cq.  (sa)  for  beams. 

For  moments  at  any  upper  joint  D,  not  vertically  above  a  low^r  joint,  equation  (17a)  does  nol 
apply.  This  moment  can,  however,  be  quickly  found  by  calculating  the  moments  at  C  and  E 
by  equation  (17^)  and  interpolating  for  D,  the  moment  from  C  to  £  varying  as  the  ordinates  10 
a  straight  line. 

69.  Web  Stresses. — Let  Fig.  83  represent  any  truss  with  horizontal  chords  and  single 
system  of  bracing. 
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To  find  the  stress  in  any  web  member  6-7  pass  the  section  Im,  cutting  this  and  two  chord 
members^  and  write  I  vertical  components  =0  for  the 
forces  acting  on  the  structure  to  the  left,  Fig.  (a). 
Since  5^  and  5,  are  horizontal,  the  vertical  component 
of  S2  must  balance  the  sum  of  the  vertical  components 
of  the  external  forces.  But  the  siun  of  the  vertical 
components  of  the  external  force  acting  on  the  left  of 
any  section  is  called  the  shear  on  the  section,  as  in 
the  case  of  the  beam;  hence  we  may  say: 

In  a  horizontal-chord  truss  the  vertical  component 
of  the  stress  in  any  web  member  is  equal  to  the  shear  on 
the  section  cutting  such  web  member  and  two  chord  mem-' 
bers.  The  stress  itself  is  equal  to  the  vertical  component 
multiplied  by  the  secant  of  the  angle  which  the  member 
makes  with  the  vertical. 

Sign  of  the  Web  Stress. — In  Fig.  83a,  if  the  shear  is  positive,  or  upwards,  the  stress  52  must 
act  downwards  or  be  tensile;  if  the  shear  is  negative,  then  S2  acts  upwards  and  is  compressive. 
For  a  member  like  5-6  positive  shear  would  cause  compressive  stress,  and  negative  shear  tensile. 
The  nature  of  the  stress  can  readily  be  determined  by  noting  that  the  action  of  the  portion  of  the 
structure  to  the  right  of  the  section  upon  the  portion  to  the  left  must  be  opposed  to  the  direction 
of  the  shear — downwards  for  positive  shear  and  upwards  for  negative  shear. 

Maximum  and  Minimum  Stresses. — Since  the  stress  in  any  web  member  is  equal  to  the  shear 
multiplied  by  a  constant,  the  problem  of  calculating  web  stresses  in  a  horizontal-chord  bridge 
reduces  to  one  of  finding  maximum  an^l  minimum  shears.  For  the  same  reason  as  given  in  the 
case  of  the  beam,  the  maximum  positive  shear  on  any  given  section  will  occur  when  the  truss  is 
loaded  as  fully  as  possible  on  the  right  of  the  section  and  as  little  as  possible  on  the  left,  and  the 
maximmn  negative  shear  will  occur  when  these  conditions  are  reversed.  Combining  these 
maximum  shears  with  the  dead-load  shears  gives  a  series  of  maximum  and  minimum  resultant 
shears,  as  in  the  case  of  the  beam,  which  are  of  like  signs  near  the  ends  of  the  truss,  but  of  oppo- 
site signs  near  the  centre.  From  this  it  follows  that  in  a  truss  like  the  one  shown  in  Fig.  83 
the  web  members  near  the  ends  will  have  maximum  and  minimum  stresses  of  like  signs,  but 
that  near  the  centre  the  maximum  and  minimum  stresses  will  be  of  opposite  signs.  That  is, 
the  members  near  the  ends  of  the  tniss  will  always  be  subjected  to  one  kind  of  stress,  while 
near  the  Centre  they  will  be  subjected  at  certain  times  to  one  kind  of  stress  and  at  other  times 
to  the  opposite  kind,  depending  on  the  position  of  the  live  load. 

Value  of  the  Maximum  Live-load  Shear.— (a)  Conventional  Method  of  Calculation. —For  a 

uniform    live   load    the    method    generally    followed 
,  in   calculating   maximum    shears   is    to    assume    all 

joints  fully  loaded  on  one  side  of  the  panel  in  question 
and  all  joints  unloaded  on  the  other  side.  This  is 
evidently  an  impossible  condition,  for  in  order  to 
ftJly  load  joint  4,  Fig.  84,  for  example,  both  adjoining 
panels  must  be  fully  loaded,  which  condition  would 
produce  a  half  joint  load  at  3.  The  shears  com- 
puted by  this  method  are  too  great,  but  it  is  the  one  usually  employed. 

A  general  expression  for  the  value  of  this  shear  for  equal  panels  may  easily  be  derived.  Let 
panel  3-4,  Fig.  84,  be  the  wth- panel  from  the  left  end,  and  let  the  maximimi  positive  shear  in  this 


4|pd         W    ^Jpd        j/?a 

{n^m)d »j 

'nd=»l >| 

Fig.  S4. 
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panel  be  required  for  a  uniform  live  load  of  plhs.  per  foot.  Let  »= total  number  of  panels. 
Joint  load  =  pd.  All  joints  on  the  right  are  loaded  and  none  on  the  left.  The  shear  is  equal 
to  the  left  abutment  reaction  =  i?i.    Taking  moments  about  the  right  abutment,  we  have 

I^Xnd-pd[i+2+  •  •  •  +  (ii-w)]i-o^ 

or 

*-iJi-^i+a+- •  •+(»-«Oli (x8) 

wl»ioe 


5«25(n—  m)(n—  fn+ 1), 


(i8a) 

211 


Equation  (i8)  is  the  simplest  form  to  use,  as  it  is  nothing  more  than  an  abbreviated  equation  of 
moments,  divided  through  by  n. 

(b)  Exact  Method  oj  Calctdaiion. — The  true  maximum  shear  in  panel  3-4,  Fig.  84,  will  evi- 
dently occur  when  the  uniform  load  extends  some  distance  beyond  4  into  the  panel.    Let  x  equal 

p[(n-ni)d-hx]       ^^^^  distance,  Fig.  85.     The  shear  will  then  equal  the 

/r jsT "TT yv — yyr       a  reaction  minus  the  joint   load    at  3,  ^ifj-P,.    The 

/  \/  \/ C^.J,,,,\j     \  /^  -\ ,      value  of  P,  is  found  by  taking  moments  about  4,  of 

8     \*—x-  '■4  vX 

*t------"^~----««t-r-""*"'"''''l"":q*'     the  load  in  the  panel  3-4,  giving  ^»=-  rj-    Likewise 

/?,  can  be  found  by  considering  directly  the  moment 
of  the  uniform  load  about  /?j,  giving  R^'=— ^,  whence  the  shear 


S'^K-P,-         -^ ^. (19) 


Diflferentiating  this  with  respect  to  x,  etc,  we  find  that  for  a  maximum  value  of  y 


:x?« d (20) 


Substituting  this  value  of'^  in  eq.  (19)  and  reducing,  we  have  for  the  true  maximum  shear 


•^-;(;^)(«-"»)'- (^') 


This  differs  from  (iSa)  in  having  the  factor  in  place  of ,  and  is  thus  seen  to 
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fl-X-  T 

give  somewhat  the  smaller  value.    The  actual  difference  is  a  maximum  for  tn  = ,  or  at  the 

pd  n—  I  pd 

centre  of  the  truss,  and  at  that  point  has  a  value  of  -^ ,  or  nearly  -^,  the  same  for  all  spans. 

70.  The  Warren  Truss — The  Warren  Truss,  Fig.  86,  sometimes  also  called  the  triangular 
truss,  is  one  in  which  all  web  members  are  equally  inclined.  It  is  especially  well  suited  for  deck 
trusses  of  moderate  span,  although  also  used  as  a 

through  truss.     It  is  often  built  as  a  riveted  structure,      g:r.uTrv~"T— « -"-^ 

and  as  such  is  commonly  spoken  of  as  a  Warren 
Girder  or  Lattice  Girder. 

Assume  the  following  data:  Span  length =90  ft.; 
height  of  truss  =  12  ft.;  dead  load  per  foot  per  truss 
=  600  lbs.;    live  load  per  foot    per  truss=  1600  lbs. 

The  dead  joint  load  =  ir=6ooX  15  =  9000  lbs.;   live  joint  load=P= 1600X15  =  24000  lbs.    We 
will  first  assume  that  the  entire  dead  load  is  applied  at 'the  upper  chord  joints. 

Chord  Stresses;  Dead  Ij)ad. — Left  reaction,  R^=^^ — ^—-  =  22500  lbs.  Then  applying  the 
method  explained  in  Art.  68,  the  lower  chord  stresses  may  be  written  out  as  follows: 

Stress  in  2-4  (moment  centre   at  3)  =  22500X11  =  28125  lbs. 
In  a  similar  manner 

Stress  in  4--6=(225ooX2  —  90ooXi)i|=  45000  lbs. 

Stress  m  6-8  =  [225ooX3  —  90ooX(i  +  2)]i^f  =50625  lbs. 

The  upper  chord  stresses  arc  as  follows: 

Stress  in  1-3  =  22500  X  J  X  1  f  ^  14060  lbs. 

Stress  in  3-5  ==  (22500X  ii  —  9oooXi)H  =36560  lbs. 

Stress  in  5-7  =  [225ooX2j--9oooX(J+ii)]H  =  478io  lbs. 

All  upper  chord  stresses  are  compressive  and  all  lower  chord  stresses  tensile. 

A  somewhat  briefer  method  of  calculating  the  chord  stresses  is  by  the  use  of  eq.  (17a),  but 

it  should  be  carefully  noted  that  this  formula  will  apply  here  to  the  lower  chord  members  only, 

't>d^     600 X  I  ^' 

In  this  case   ^= ^  =  i;62<.    Then  stress  in  2-4=<62sX(iX0  =  28i25  lbs.;    stress  in 

2A         2X12        ^     ^  ^     0     .->     V       0/  01 

4-6  =  5625(2X4)  =  45000  lbs.;  etc. 

For  the  moments  at  the  lower  joints  and  stresses  in  the  upper  chord  members  we  may  use  the 
method  of  interpolation  as  explained  in  Art.  68.  Thus  the  moment  at  2  will  be  one-half  the 
moment  at  3;  the  moment  at  4  will  be  one-half  the  sum  of  the  moments  at  3  and  5,  etc.  The 
corresponding  chord  stresses  will  then  follow  the  same  rule  and  we  get 


Stress  in  1-3  « ^=«  14060  lbs. 

2 

Stress  in  3-5  =  — ^^^ — ^ —  =  36560  lbs. 


etc.|  etc. 


V 

V 
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Chard  Stresses;  Live  Load. — These  may  be  found  in  the  same  way  as  the  dead-load  stresses, 
or  they  may  be  obtained  by  multiplying  the  dead-load  stresses  by  the  ratio  of  live  to  dead  load, 
1600 


600 


The  stresses  are  as  follows: 

2-4=—  75000. 
4-6«  — I2COOO. 
6-8  =  —  135000. 


1-3 -+  37500. 
3-5=-+  97500. 
5-7  = +  127500. 


Web  Stresses;  Dead  Load. — Applying  the  method  of  Art.  69,  we  first  proceed  to  find  the  shears 
on  the  several  sections,  such  as  jr,  cutting  a  web  member  and  two  chord  members.  There  being 
loads  at  the  upper  joints  only,  it  is  evident  that  the  shear  on  the  section  cutting  3-4  is  the  same 
as  on  the  section  cutting  4-5;  also  the  shear  on  the  section  cutting  1-2  is  the  same  as  that  on  the 
section  cutting  2-3,  etc.  In  other  words,  the  shear  on  any  section  cutting  through  a  given  panel 
of  the  loaded  chord  is  constant.    The  shears  in  these  several  panels  are  as  follows: 

Shear  in  panel  1-3  =  i?i= +  22500. 

Shear  in  panel  3-5==i?i— PV=  22500— 9000  =»  + 13500. 

Shear  in  panel  5-7  =  i?i— 2^=22500— i8ooo=+45oo. 

The  shears  on  the  right  of  the  centre  are  the  same,  but  of  opposite  sign. 

The  web  stresses  are  numerically  equal  to  the  shears  multiplied  by  sec  0,  the  value  of  which 


V  12'+ 7.5' 


12 


==1.179.     On  the  left  of  the  centre,  where  the  shear  is  positive,  all  members  inclining 


upwards  towards  the  abutment  (1-2,  3-4,  and  5-6)  are  in  tension,  and  members  inclining  down- 
wards towards  the  abutment  (3-2,  5-4,  and  7-6)  are  in  compression.  On  the  right  the  signs  are 
reversed.     The  values  of  the  stresses  arc  given  in  Fig.  87a  and  are  marked  D. 

Web  Stresses;  Live  Load, — For  the  maximum  positive  shear  in  panel  1-3  the  entire  bridge 

cp 
is  loaded,  and  the  shear=/?i  =  ^ — =60000  lbs.    For  panel  3-5,  joints  5  to  11  indusive  are  loaded. 


The  shear  is  given  by  e(|.  (18).     In  this  case  —  = 


pd     1600X15 


n 


=4000,  and  we  have 


Likewise 


Shear  in  panel  3-5  =  4000(1  + 2  +  3  +  4)  =  4oooa 

Shear  in  panel  5-7  =4000(1 +  2  +  3)  =  249«#. 
Shear  in  panel  7-9  =  4000(1  +  2)  =  1 2000. 
Shear  in  panel  9-11=4000X1=4000. 

The  maximum  negative  shears  will  occur  with  the  truss  loaded  on  the  left  of  the  panel  in  question. 
They  will  be  of  the  same  numerical  value  as  the  above  positive  shears,  but  reversed  in  order. 
The  following  table  gives  the  shears  and  corresponding  stresses  in  one-half  the  tniss. 

LIVE-LOAD  SHEARS  AND  WEB  STRESSES. 


Member. 

Positive  Shears 

Stresses 

Negative  Shears. 

Si  tresses. 

1-2 

2-3 
3-4 
4-5 
S-6 
6-7 

■    60000    - 
)                     ( 

-    40000    • 

y    24000 

—  70700 
+  70700 

—  47200 
+  47209 

—  2S  ^cu 
+  28300 

(          0 

r       4000    •! 

>     1 2000     -J 

+    4700 

-  4700 

+  14200 

—  14200 

^ 
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^ 


•88100 
/.— 7M00 


z>— lasooo 


8 


4<  61000 


Combined  Dead-  and  Live-load  Stresses. — Some  specifications  relating  to  the  design  of 
members  require  only  a  knowledge  of  the  maximum  stress,  tension  or  compression,  to  which  the 
member  will  be  subjected;  other  specifications  require  also  the  calculation  of  the  minimum  stress 
even  though  it  is  of  the  same  sign  as  the  maximum.  If  only  the  maximtmi  be  required  it  is 
usual  to  calculate  the  dead-  and  live-load  portions  of  this  maximum  separately  and  to  so  record 
the  stresses.  If  both  the  maximum  and  minimum  be  required  they  arc  obtained  by  combining 
the  dead-load  stress  with  the  greatest  and  least  values  of  the  live-load  stress;  the  results  are  then 
expressed  simply  as  maximum  and  minimum  stresses.  In  Fig.  87  the  results  of  the  analysis 
given  above  are  expressed  in  the  two  ways  mentioned. 

In  the  case  of  chord  members  the  dead-  and  live-load  stresses  are  always  of  like  sign  so  that 
the  maximum  stress  in  any  member  is  equal  to  the  sum  of  the  two,  and  the  minimum  stress  is 
equal  to  the  dead-load  stress.  In  the  case  of  web  mem- 
bers the  live-load  stresses  which  go  to  make  up  the 
maximum  stresses  are  those  which  are  of  the  same  sign 
as  the  dead-load  stresses,  or  which  are  of  opposite  sign 
but  are  numerically  greater  than  the  dead-load  stresses. 
These  live-load  stresses  may  all  be  taken  from  the  pre- 
ceding table;  in  Fig.  (a)  they  are  marked  L,  For  mem- 
bers 5-6  and  6-7  the  live-load  stress  due  to  negative 
shear  (14200  lbs.)  is  needed,  since  this  is  greater  than 
the  dead-load  stress  of  opposite  sign  (5200  lbs.).  These 
two  members  are  then  subjected  to  a  reversal  of  stress, 
being,  sometimes  in  tension  and  sometimes  in  compres- 
sion. In  members  3-4  and  4-5  the  live-load  stress  due 
to  negative  shear  is  only  4700  lbs.  and  is  not  given,  as  it  is  less  than  the  dead-load  stress. 
Fig.  (a)  therefore  gives  sufficient  information  to  determine  all  maximum  stresses  of  cither  "kind. 

In  Fig.  (h)  the  maximum  and  minimum  stresses  are  given.  The  maximum  values  are  simply 
the  sums  of  the  dead-  and  live-load  stresses  as  given  in  Fig.  (a) ;  the  minimum  are  found  by 
combining  the  dead-load  stresses  with  the  live-load  stresses  due  to  negative  shears.  In  members 
3-4  and  4-5  the  minimum  stress  =-15900 -4700- 11 200  lbs.  In  5-6  and  6-7  the  stress  which  is 
here  called  the  minimum  is  really  the  maximum  stress  of  opposite  sign  from  the  one  which  is 
numerically  the  greater  and  which  is  usually  called  the  maximum.  This  minimum  stress  may  be 
found  from  the  data  of  Fig.  (a).    The  minimum  stresses  in  1-2  and  2-3  are  the  dead-load  stresses. 

The  maximum  and  minimum  web  stresses  may  also  be  found  conveniently  by  first  combin- 
mg  the  shears  and  then  calculating  the  resultant  stresses  at  once,  as  in  the  following  table: 

COMBINED  SHEARS  AND  WEB  STRESSES. 


2       /•— 7M00  4       l*— 190000        0 

(Ct)  Dead  andTLive  load  Stresses. 
8      4-1M100      5 


4-116800 


2 

(b) 


-tnoo 


—  MWOO 


4         — 4M00  6 

Maximum  and  Minimum  Stresses. 

Fio.  87. 


8 


Member. 


1-2 

2-3 
3-4 

4-5 
5-6 

6-7 


Dead  load  and 
Positive  Live- 
load  Shears. 


Stresses 
(Maximum) 


} 


r  +82500  j 
[  +53500  I 
I     +  28500    I 


—  97200 
+  97200 

—  63100 
+  63100 
-33600 
+  33600 


Dead  load  and 

Negative  L  ve- 

load  Shears. 


Stresses 
(Minimum). 


-  +22500  j 
[  +  9500  -[ 
}  -  7500  I 


I 


—  26500 
+  26500 

—  1 1200 
+  1 1 200 
+  8900 

—  8900 


I  rue  Maximum  Live  load  Shears. — The  shears  resulting  from  the  application  ot  eq.  (2i; 
arc  as  follows: 

Panel  1-3  =  60000  Panel  3-5  =  38400.  Panel  5-7  =  21600. 

Panel  7-9  =  9600.  Panel  9-11  =  2400. 


S6 


MODERN  FRAMED  STRUCTURES. 


Comparing  these  with  the  live-load  shears  previously  found  it  will  be  seen  that  they  are 
materially  less.  TLe  members  most  affected  by  the  errors  of  the  approximate  method  are  those 
near  the  centre  of  the    ridge,  a  result  not  altogether  undesirable. 

Ejject  of  Applying  a  Part  of  the  Dead  Load  at  the  Lower  Chord  Joints.— II  one-third  the  dead 
load  be  assumed  as  applied  along  the  lower  chord,  then  each  upper  joint  load  may  be  taken  as 
equal  to  §H^=6ooolbs.,  and  each  lower  joint  load  as  equal  to  \W=7poo  lbs.,  the  actual  loads  at 
2  and  12  being  very  nearly  as  great  as  at  the  other  joints. 

This  distribution  will  give  slightly  different  reactions  from  those  already  found,  each  being 
increased  by  JH^,  which  amount  has  in  effect  been  transferred  from  the  end  joints  to  the  adjacent 
lower  joints.  The  shears  on  the  sections  cutting  the  several  members  will  all  be  different 
from  those  previously  found.  Those  on  sections  cutting  members  1-2,  3-4,  and  5-6  will  be 
increased  by  \W  and  those  on  sections  cutting  2-3,  4-5,  and  6-7  will  be  decreased  by  \W.  The 
lower  chord  stresses  will  be  unchanged,  but  the  upper  chord  stresses  will  be  slightly  modified.  They 
should  be  found  by  applying  the  method  of  moments  in  detail.    Thus  for  5-7  (moment  centre  at  6) 

Stress  =  [i?,X2i-3W^(iJ+i)-i»'(2+i)]li  etc. 

Equation  (17a)  will  not  apply  in  this  case  except  for  that  part  of  the  stress  due  to  the  loads  on 
ihe  upper  chord  joints.  The  hve-load  chord  stresses  cannot  in  this  case  be  calculated  from  the 
dead-load  stresses. 

71.  The  Warren  Truss  with  Verticals  —When  the  Warren  truss  is  used  for  long  spans  it 
is  desirable  to  subdivide  the  panels  of  the  loaded  chord  by  the  use  of  verticals  (Fig.  88).    In  the 


Fig.  88. 


Vte.  80b 


deck  bridg'i  these  verticals  are  struts,  and  in  the  through  bridge,  ties,  the  stress  in  each  being 
equal  to  a  panel  load. 

The  stresses  in  all  diagonals  are  determined  fiom  shears  as  in  the  previous  truss.  No 
difficulty  will  be  found  in  the  analysis  of  this  truss  if  the  student  follows  closely  the  general 
principles  illustrated  in  the  preceding  articles. 

72.  The  Pratt  Truss. — This  form  of  truss,  shown  in  Fig.  89  as  a  through  bridge,  is  the 
most  common  type  of  truss  for  spans  from  100  to  250  feet  in  length.  For  the  shorter  spans  it  is 
frequently  built  as  a  riveted  bridge,  but  for  long  spans  is  made  pin-connected.  The  members 
2-3  and  14-15  are  called  hip  verticals,  or  end  suspenders;  they  are  tension  members  and  support 
only  the  joint  loads  at  3  and  15.  All  other  verticals  are  compression  members.  All  diagonals, 
except  the  end  posts  1-2  and  14-17,  are  tension  members.  The  dotted  diagonals  7-8  and  8-11 
are  called  counters;  they  are  used  in  those  panels  "where  the  maximum  and  minimum  shears  arc 
of  opposite  signs.  By  their  use  the  members  6-9  and  9-10  are  not  subjected  to  compressive 
stresses  when  the  shears  in  the  respective  panels  change  sign,  but  instead  they  simply  drop  out  of 
oction  (the  stress  becomes  zero)  and  the  counters  carrj-  the  shear  in  tension.  Sometimes  counters 
.'.re  not  used,  the  main  diagonals  being  designed  for  alternating  stresses  in  those  panels  where 
counters  would  otherwise  be  needed. 

We  will  assume  the  following  data  for  the  truss  shown  in  Fig.  89:  Span  =128  ft.;  height =20 
ft.;  dead  load  =  450  lbs.  per  foot  per  truss;  live  load  =  iooo  lbs.  per  foot  per  truss;  d^it  ft.; 
py=  16X450  =  7200;   P=  16X1000=  16000.     All  the  dead  load  will  at  first  be  assumed  applied 
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at  the  lower  chord  joints,  and  afterwards  a  portion  will  be  transferred  to  the  upper  joints  and  the 

stresses  corrected. 

Chard  Stresses. — As  the  chord  stresses  are  a  maximum  under  full  load,  the  counters  are  not 

m  action  and  should  therefore  be  omitted  from  consideration.    The  stress  in  any  chord  member 

is  readily  found  by  the  methods  already  explained.    Thus  for  member  7-9  the  moment  centre  is 

6  and  we  have  as  before  Stress^[i?iX3— W'(2+i)]^j.    For  member  4-6  the  moment  centre  is  7 

and  the  stress  will  be  numerically  the  same  as  found  for  7-9.    Likewise  the  stresses  in  2-4  and  5-7 

are  numerically  equal,  also  those  in  1-3  and  3-5. 

p(P    450  X 16' 
Equation  (i  7a)  can  be  used  conveniently  in  this  truss.    In  the  case  of  dead  load  — r  =  — r; = 

2/f'  2  /\  20 

2880.    Noting  carefully  the  moment  centre  for  each  member,  the  following  results  will  readily  be 
obtained: 

Stress  in  1-3  and  3-5  =  2880X1X7  =  20160. 

Stress  in  2-4  and  5-7  =  2880X2X6  =  34560. 

Stress  in  4-6  and  7-9 =2880X3X5  ==43200. 

Stress  in  6-8  =2880X4X4=46080. 

The  live-load  stresses  can  be  found  from  the  dead-load  stresses  as  in  Art.  70. 

Web  Stresses. — The  same  general  methods  apply  here  as  in  the  Warren  truss.  Thus  the 
vertical  component  of  the  stress  in  4-7  =  shear  on  section  g;  vertical  component  of  stress  in  4-5  = 
shear  on  section  r,  etc.  There  being  no  load  at  4,  the  shear  on  g^  shear  on  r,  hence  the  stress  in 
4-5  =  vertical  component  in  4-j.  Likewise  stress  in  6-7  =  vertical  component  in  6-9,  etc.  The 
stress  in  2-3  is  equal  to  the  load  at  3  and  has  a  maximum  value  oi  P+W  and  a  minimum  value 
otW. 

The  dead-load  shears  are  as  follows: 

7X7200 
Shear  in  panel  1-3  ^iZ^^ =  +  25200. 

Shear  in  panel  3-5  =  25000—  7200  =  + 18000. 
Shear  in  panel  5-7  =  25200—  2 X  7200=  + 10800. 
Shear  in  panel  7-9  =  25200—3X7200=+  3600. 

The  maximum  positive  live-load  shears,  calculated  by  the  conventional  method  (eq.  (18)),  arc: 

Shear  in  panel    i-  3  =  /?i^ =  56000. 

16000 
Shear  in  panel    3-  5  =  ^-3— (i  +  2+3+4+5+6)=42ooo. 

Shear  in  panel  5-  7  =  2000(1  +  2  +  3+4+5)  =30000. 

Shear  in  panel  7-  9  =  2000(1  +  2  +  3+4)  =20000. 

Shear  in  panel  9-11  =  2000(1  +  2+3)  =12000. 

Shear  in  panel  11-13  =  2000(1  +  2)  =  6000. 

Shear  in  panel  13-15  =  2000X1  =  2000. 

The  maximum  negative  shears  will  be  equal  to  these,  but  reversed  in  order. 

Combining  the  dead-load  with  the  maximum  positive  and  negaliv(?  live-load  shears  for  thr  left 
half  of  the  truss,  w^  have  the  following; 
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Panel  1-3  3-5  5-7  7-9 

Dead-load  shear +  25200         + 18000         + 10800         +   360a 

Positive  live-load  shear. +56000         +42000         +30000         +20000 

Negative  live-load  shear. o  —  2000         —  6000         —1200a 

•  •  .  .  .  •  •  •  ..•• 

Maximum  shears  (dead  load + pos.  live  load) +  81 200         +  60000         +  40800         +  23600 

Minimum  shears  (dead  load+  neg.  live  load) +  25200         + 16000         +  4800         —  8400 

It  is  to  be  noted  that  in  all  panels  but  7-9  the  maximum  and  minimum  shears  are  both  posi- 
tive. These  shears,  multipUed  by  sec  0,  give  therefore  the  maximum  and  minimum  stresses  in 
the  respective  diagonals.  The  maximum  and  minimum  shears  in  panel  7-9  give  respectively 
the  maximum  stresses  in  main  diagonal  and  counter;  the  minimum  stress  in  each  of  these 
diagonals  is  zero. 

Referring  now  to  the  verticals,  it  will  be  seen  that  the  stress  in  4-5  is  always  equal  to  the  shear 
on  section  r,  which  is  the  same  as  the  shear  in  panel  5-7,  there  being  no  load  at  4.     The  maximum 

stress  in  4-5  is  therefore  40800  lbs.  and  the  minimum  is  4800  lbs.  The 
stress  in  6-7  is  likewise  equal  to  the  shear  in  panel  7-9  if  the  counter  is 
not  in  action.  This  is  the  case  when  the  shear  is  a  maximum  and  hence 
the  maximum  stress  in  6-7  =  23600  lbs.  When  the  shear  in  panel  7-9 
is  negative,  then  the  counter  7-8  is  acting  and  the  members  constituting 

*  ^*  the  truss  are  as  shown  in  Fig.  90.     The  stress  in  6-7  under  these  condi- 

tions is  not  controlled  by  the  shear,  but  is  found  by  considering  the  forces 
acting  on  joint  6.  There  being  no  load  assumed  at  6,  the  stress  in  6-7  will  be  zero,  and  this  is  the 
minimum  value  desired.  The  stress  in  8-9  must  also  be  determined  with  careful  reference  to  the 
members  which  are  in  action  under  any  given  loading.  The  maximum  stress  will  occur  when  8-1 1 
or  7-8  receives  its  maximum.  When  8-1 1  is  stressed,  6-g  is  also  in  action  and  the  stress  in  8-0 
will  equal  the  shear  on  section  s.  This  will  be  equal  to  —3600  lbs.  dead-load  shear  + 12000  Ibi. 
live-load  shear  =  8400  lbs.,  which  is  the  same  as  the  vertical  component  in  8-1 1  (or  7-8).  Note 
that  the  dead-load  portion  of  the  maximum  stress  in  8-9  is  tension,  that  is,  the  dead  load  has  the 
effect  to  reduce  the  live-load  compression.  This  action  is  similar  to  that  which  occurs  in  the 
counters.     The  minimum  stress  in  8-9  is  equal  to  zero,  as  in  the  case  of  6-7. 

Correction  for  the  Loads  applied  at  the  Upper  Joints, — If  one-third  of  a  dead  joint  load  be  trans- 
ferred from  each  lower  chord  joint  to  the  upper  chord  joint  above,  the  only  members  whose  stresses 
will  be  affected  will  be  the  verticals,  for  none  of  the  bending  moments  will  be  changed,  nor  the  shears 
on  the  vertical  sections  cutting  the  diagonal  members.  The  shears  on  the  sections  cutting  the 
verticals  4-5  and  6-7  will  be  increased  by  ^W,  hence  the  dead-load  compression  in  these  members 
will  be  increased  by  ^W.  In  member  8-9,  Fig.  89,  the  negative  dead-load  shear  on  section  s  will 
be  decreased  by  ^W;  therefore  the  dead-load  tension  will  be  decreased  by  this  amount,  and  ih.' 
combined  dead-  and  live-load  stress  will  be  increased  by  ^W.  The  minimum  stress  in  6-7,  Fig.  90, 
and  hkewise  in  8-9,  will  now  be  ^W.  Finally,  the  dead-load  stress  in  2-3  will  be  decreased  by  \  'V, 
These  results  lead  to  the  general  statement  that  the  transferring  of  a  part  of  the  panel  load  to  each 
upper  chord  joint  increases  the  compression  or  decreases  the  tension  in  each  vertical  by  the  amount 
so  transferred. 

Summary  0}  Stresses. — In  Fig.  91  are  given  the  results  of  this  analysis,  with  stresses  in  the 
verticals  corrected  for  a  load  of  JH^,  =  24oo  lbs.,  applied  at  each  upper  joint.  Fig.  (a)  gives  the 
dead-  and  live-load  stresses  which  act  together  to  produce  the  maximum  stresses  in  the  various 
members;  Fig.  (h)  gives  maximum  and  minimum  stresses.    Note  that  the  maximum  of  Fig.  (i) 
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can  DC  obtained  by  adding  the  dead-  and  live-load  stresses  of  Fig.  (a),  but  that  the  data  of 
Fig,  (a)  aie  not  sufficient  for  calculating  the  minimum  web  stresses  of  Fig.  (J). 
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Fig.  92. 


Fig.  93. 


73«  The  Deck  Pratt  Truss.— As  a  deck-bridge  the  Pratt  truss  may  be  supported  either 
at  the  bottom  chord,  as  in  Fig.  92,  or  at  the  top  chord,  as  in  Fig.  93.  The  former  is  usually 
employed  where  there  are  several  spans,  and 
the  latter  where  there  is  but  a  single  span. 
In  Fig.  92  members  o-i  and  o-^  are  not 
members  of  the  tniss  proper. 

In  both  forms  the  stresses  in  chords  and 
diagonals  are  the  same  as  in  the  through- 
bridge,  since  all  corresponding  moments  and  shears  are  the  same.  In  Fig.  93  the  end  diagonals 
0-3  and  15-16  are  tension  members.  The  stresses  in  the  verticals  are  greater  than  in  the 
through-bridgp.    Thus  the  stress  in  4-5  is  equal  to  the  shear  on  section  r,  as  before,  but  this 

shear  is  a  maximum  when  the  bridge  is  loaded 
up  to  joint  4  instead  of  to  joint  7  as  in  Fig.  89. 
The  live-load  stress  in  4-5  is  then  equal  to 
the  shear  in  panel  2-4,  which  is  the  same  as 
the  shear  in  panel  3-5  of  the  through-bridge. 
The  dead-load  stresses  are  increased  by  what- 
ever increase  there  may  be  in  the  proportion  of  the  joint  load  assumed  to  be  applied  at  the  upper 
joints,  this  increase  usually  amounting  to  ^W.  In  Fig.  92  member  2-3  receives  a  total  stress  of 
only  ^Wy  the  load  at  3.  In  Fig.  93  this  member  carries  shear  exactly  as  4-5,  and  its  stress  is  deter- 
mined in  a  similar  manner.  In  calculating  the  stress  in  the  middle  vertical,  8-9,  it  is  necessary 
first  to  ascertain  which  of  the  diagonals  in  panel  8-10  is  in  action.  To  do  this,  calculate  the  total 
shear  in  this  panel  with  the  bridge  loaded  up  to  joint  8.  If  this  shear  is  positive,  then  8-1 1  will  be 
in  action;  if  negative,  then  9-10.  In  case  8-1 1  is  acting,  then  the  stress  in  8-9  will  equal  the  shear 
on  section  s;  but  if  9-10  is  acting,  the  stress  in  8-9  will  equal  the  total  load  at  8.  As  a  matter  of 
fact,  if  the  maximum  positive  shear  on  section  J  is  greater  than  the  total  load  at  8,  it  follows  that 
the  shear  in  the  panel  8-10  will  at  the  same  time  be  positive.  The  member  8-1 1  will  then  be  in  action 
and  the  stress  in  8-9  will  equal  the  shear  on  section  ^*  But  if  this  shear  be  less  than  the  load  at 
8,  then  the  shear  in  panel  8-10  will  be  negative  and  9-10  will  be  in  action,  making  the  stress  in  8-9 
equal  to  the  load  at  8.  Whence  the  rule  that  the  maximum  total  stress  in  8-9  is  equal  to  the  maxi- 
mum shear  on  section  s  or  to  the  maximum  joint  load  at  8,  whichever  is  the  greater.  The  mini- 
mum stresses  in  the  verticals  are  found  as  in  the  through-bridge.  For  member  4-5,  and  in  Fig.  93 
also  member  2-3,  they  are  found  from  minimum  shears;  for  members  6-7  and  8-9  they  are  equal 
to  the  dead  joint  load  applied  at  the  top. 

The  dead-load  stresses  in  the  verticals  may  be  found  conveniently  by  first  assuming  all  dead 
load  applied  at  the  upjKT  chord  joints  and  afterwards  correcting  the  resulting  stresses  l)y  subtracting 
therefrom  the  amount  carried  at  each  lower  joint. 
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To  illustrate  the  stress  calculation  for  the  verticals  a  truss  will  be  assumed  of  the  form  shown 
in  Fig.  93,  but  of  the  same  dimensions  and  loading  as  in  Art.  72.  All  the  dead  load  will  first  be 
assumed  apphed  at  the  upper  joints.  The  shears  in  the  several  panels  are  the  same  as  given  in 
Art.  72  and  are  as  follows: 

Panel         0-2  2-4  4-6  6-8 

Maximum  shears +81200         +60000         +40800         +23600 

Minimum  shears +  25200         + 16000         +  4800         —  8400 

The  maxunum  stresses  will  then  be  as  follows: 

Member  2-3  =  81200  (25200  dead+  56000  live). 
Member  4-5  =  60000  (18000  dead + 42000  live). 
Member  6-7 =40800  (10800  dead+  30000  live). 

For  member  8-9  the  maximum  shear  in  panel  6-8  (  =  shear  on  section  5)  =  23600  lbs.;   the  total 
load  at  8  =  P+ 1^=16000+7200=23200  lbs.    The  maximum  stress  in  8-9  is  therefore  23600  lbs. 
The  minimum  stresses  are  as  follows: 

Member  2-3  =  25200  (all  dead  load). 
Member  4-5  =  16000  (18000  dead—  2000  live). 

For  members  6-7  and  8-9  the  minimum  stress  =  1^=7200  lbs. 

All  of  these  stresses,  both  maximum  and  minimum,  should  now  be  decreased  by  ^W  or  240c 

lbs.,  to  allow  for  the  portion  of  the  dead  load  applied  at  the  lower  joints. 

74»  The  Howe  Truss.    (Fig.  94). — In  this  truss  the  chords  and  diagonals  arc  of  wood  and 

the  verticals  of  iron  or  steel.     This  type  of  truss  has  been  extensively  used  in  the  past  and  is  still 

employed  to  some  extent  where  timber  is  cheap  and 
transpotation  difficult.  It  is  so  constructed  that  the  diag- 
onals can  carry  compression  only,  and  the  verticals 
tension.  Main  diagonals  are  shown  by  full  lines,  and 
counters  by  dotted  lines.  The  figure  shows  counters 
in  ever}'  panel,  a  form  of  construction  frequently  used. 
The  counters  near  the  ends  of  the  bridge  receive  no 
definite  stress,  but  they  enable  the  details  at  the  joints  to 

be  more  satisfactorily  designed. 

The  analysis  of  the  Howe  truss  is  exactly  similar  to  that  of  the  Pratt  truss.    In  fact  the 

stresses  in  the  truss  of  Fig.  94  are  numerically  the  same  throughout  as  those  in  the  deck  Pratt 

truss  of  Fig.  93,  th6  upper  chord  of  Fig.  93  corresponding  to  the  lower  chord  of  Fig.  94,  etc. 
To  illustrate  the  analysis  of  the  Howe  truss  a  bridge  will  be  assumed  of  the  dimensiv^ns  shown 

in  Fig.  94.    The  dead  load  will  be  taken  at  800  lbs.  per  foot  per  truss  and  the  live  load  at  1500  lbs. 

The  data  and  computations  will  be  arranged  compactly  and  in  tabular  form  suitable  for  slide-rule 

calculation.    A  similar  arrangement  may  also  be  used  for  the  Pratt  or  Warren  truss. 
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The  following  formulas  will  be  used : 


wd^ 


Dead-load  chord  stress  =  —;-mw'.    [See  eq.  (17a). 

2/1 

Live-load  chord  stress = dead-load  stressX-- 
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Live-load  shear = — (w—  rt) (n—  fn+ 1).    [See  eq.  (i8a).] 

The  dead-load  shear  in  the  end  panel  =  -Ri.    In  the  succeeding  panels  it  is  found  by  subtracting  wd 
from  the  shear  in  the  preceding  panel. 

The  data  and  computations  are  as  follows:  /=i44feet;  i=i8feet;  A=24feet;  »«8;  sec^«« 
1.25;  w=8oo  lbs.  per  foot;  71/^=14400  lbs.;  i?i=5040o  lbs.';  ^=1500  lbs.  per  foot. 


wcP 
2h 


5400  lbs.; 


^-1687  lbs. 

2fl 


TABLE  OF  CALCULATIONS. 


Chord  Streaws. 

Web  Stressca. 

Dead  Load. 

Live  Load 

Totals 
(3)  -^  (4). 

Panel. 

Dead  Load. 

Live  Load. 

Monbcn* 

Wf%w9€    m 

Stress  s 

Shear. 

Stress  in 

Diagon^  = 

(7)  X  ah  9. 

(n—m) 

Shear  = 

Stress  in 
Diagonals  = 
( 10)  X  sec  9» 

(i) 

(O 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 

i-3»  2-4 

•-J-5.4-^ 

5-7,6-8 

7-9 

7 
12 

15 
16 

37800 
64800 
81000 
86400 

70900 
I21500 
151900 
162000 

108700 
186300 
232900 
248200 

I-  3 

3-  5 

5-  7 

7-9 
9-1 1 

50400 

36000 

21600 

7200 

—   7200 

63000 

45000 

27000 

9000 

—   9000 

S6 
42 

30 
20 

12 

94500 
70900 

50600 

33750 

20250 

I18100 
88600 
63200 
42200 
25300 

10      12      14     16     18 


The  stresses  in  the  verticals  are  not  directly  given  in  the  table,  but  they  can  be  written  out  from 
the  shears  with  proper  correction  for  the  loads  applied  at  the  joints  of  the  unloaded  chord.  The 
calculations  here  made  are  sufficient  for  all  maximum  stresses.  If  minimum  stresses  are  desired, 
the  table  would  have  to  be  continued  for  web  stresses  as  far  as  panel  13-15. 

75.  The  Whipple  Truss,  shown  in  Fig.  95,  consists  of  two  simple  Pratt  trusses  combined. 
It  is  in  fact  often  called  a  "double  intersection"  Pratt  truss.  The  advantage  over  the  Pratt  for 
long  spans  is  in  having  short  panels,  and  yet  an  eco- 
nomical incUnation  for  the  diagonals  (about  45°).  It 
has  been  used  extensively  in  the  past,  but  has  now 
been  as  a  rule  discarded  in  favor  of  the  Baltimore 
truss  or  of  the  form  shown  in  Fig.  116. 

The  two  systems  of  web  members  distinguished 
by  full  and  dotted  lines  arc  commonly  assumed  to  act 
independently.  This  is  not,  however,  strictly  true,  for  the  chords  connecting  the  systems,  while 
allowing  independent  vertical  deflection,  do  not  allow  independent  horizontal  displacements,  so 
that  the  loads  on  one  system  aflect  to  some  extent  the  form  of,  and  hence  the  distribution  of  stress 
in,  the  other  system.  The  exact  analysis  can  only  be  made  by  the  theory  of  redundant  members 
given  in  Chap.  XV,  and  even  then  it  depends  upon  the  adjustment  of  the  counters.  The  assump- 
tion of  independent  systems  is,  however,  very  nearly  correct  and  enables  the  stresses  to  be  statically 
determined.  In  any  case  the  question  affects  the  web  stresses  only,  as  the  chord  stresses  are  a 
maximum  for  a  full  load,  and  in  that  c^e  the  counters  may,  with  practical  exactness,  be  assumed 
as  fully  relieved. 

The  truss  of  Fig.  95  wilt  be  analyzed  for  the  following  loading:  dead  load  =•  500  lbs.  per  foot 
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per  truss;  live  load  =  800  lbs.  per  foot  per  truss.  The  bridge  will  be  assumed  to  be  a  through- 
bridge. 

The  analysis  can  be  made  exactly  as  in  the  Pratt  truss,  treating  each  system  of  bracing,  with 
the  chords,  as  a  separate  truss.  The  web  stresses  so  found  will  be  correct.  The  resultant  stress 
in  any  chord  member  is  found  by  adding  the  stresses  obtained  from  the  two  separate  trusses. 
Thus  the  total  stress  in  member  8-10,  for  example,  is  equal  to  the  stress  in  6-10  of  the  full 
system  plus  the  stress  in  8-12  of  the  dotted  system.  The  student  should  make  separate 
sketches  of  the  two  trusses. 

The  chord  stresses  may  also  be  found  directly  by  noting  that  under  a  full  uniform  load  none 
of  the  diagonals  meeting  the  upper  chord  at  joints  12,  14,  and  16  are  in  action.  The  stress  in  mem- 
ber 12-14  or  14-16  can  then  be  found  at  once  by  equating  moments  about  13.  The  stresses  in 
the  remaining  upper  chord  members  can  then  be  found  by  subtracting  from  the  stress  in  12-14 
successively  the  horizontal  components  of  the  diagonal  stresses,  these  being  first  calculated  by 
considering  the  two  systems  independent.  Then  for  the  lower  chord  stresses  note  that  stress  in 
1 1-13  =  stress  in  8-10;  stress  in  7-9  =  stress  in  4-6;  stress  in  5-7  =  stress  in  2-4;  stress  in  3-5  = 
stress  in  5-7  minus  horizontal  component  in  2-5;  stress  in  1-3  =  stress  in  3-5  minus  horizontal 
component  in  2-3,  and  should  equal  zero.    This  method  of  calculation  will  be  used  here. 

w<P 
Chord  Stresses. — Dead-load  stress  in  12-14=— jr(6X  6)  =67500  lbs. 

The  horizontal  component  in  a  diagonal = vertical  component  multiplied  by  -7-,  or,  in  the 

d 
case  of  the  diagonals  2-3  and  23-26,  by  -r.    The  vertical  component  =  shear  in  the  panel  of  the 

system  to  which  the  diagonal  belongs.    We  have  then  for  the  full  system,  since  2(/=A, 

• 

Hon  comp,  10-13  ==Jwrf=  375o; 
**  **  6- 9=|z«^=»ii25o; 
"        "       a-  5=|wi- 1875a 

For  the  dotted  system, 

Hon  ooinp.  8-11—  wd     =  7500; 

**  "  4-  7  =  2t£/(/         =15000; 

**        "       2- 3  =  iX3'"^rf=ii25o. 

We  have  then  by  subtraction  the  chord  stresses  as  follows: 

10-12=67500; 
8-10=11-13=67500-  3750=63750; 
6-8=  9-11  =  63750-   7500=56250; 
4-  6=  7-  9  =  56250-11250=45000; 

2-  4=   5-  7  =  45000-15000  =  30000; 

3-  5  =30000- 18750=  1125a 

The  stress  in  3-5  is  found  to  be  equal  to  the  horizontal  component  of  2-3,  which  proves  the 
correctness  of  the  work.  * 

The  live-load  chord  stresses  are  obtained,  as  before,  by  proportion. 
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Web  Stresses. — The  dead-load  vertical  components,  or  shears  in  the  separate  systems,  are 

given  above. 

pd 
For  live-load  shears,  ^  =  2000,  and  we  have  for  the  full  system; 

(/^rfX5)-^2«3oooo, 
2000(1  +  2 + 3 + 4)  =»  20000; 
2000(1  +  2 + 3)  =  1 2000; 
2000(1  +  2)  =  6000. 
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For  the  dotted  system,  —=1000,  and 


Shear  in   i-  3«(/>dX6)-^2  =  36ooo; 

3-  7  =  1000(1  +  3+ 5+ 7+ 9)  =  25000; 

7-11  =  1000(1  +  3+ 5+  7)  =  16000; 
11-15  =  1000(1  +  3+ 5)=9ooo; 
1 5-19 = 1000(1  +  3) = 4000. 
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Adding  to  the  above  the  dead-load  shears,  we  have  the  stresses  in  the  verticals,  and  the  vertical 
components  of  the  stresses  in  the  diagonals.  Vertical  component  of  stress  in  the  counter  14-17  = 
shear  in  13-17  =  6000—3750=2250  lbs.  This  is  also  the  maximum  compression  in  13-14.  The 
vertical  component  of  stress  in  12-15  or  11-16  =  9000  lbs.  =  stress  in  11-12  and  15-16.  There 
is  no  positive  shear  in  15-19  and  hence  no  counter  is  needed.  The  stresses  in  1-2  and  25-26  are 
equal  to  the  sum  of  the  shears  in  1-3  and  1-5. 

The  stresses  in  the  verticals  can  be  corrected  for  the  loads  carried  at  the  upper  joints,  as  in 
the  Pratt  truss. 

Only  maximum  web  stresses  have  here  been  found.  The  student  will  have  no  diffictdty  in 
extending  the  analysis  to  the  determination  of  all  the  minimum  stresses. 

Fig.  96  shows  a  more  common  arrangement  of  the  end  posts.  This  arrangement  causes  a 
further  ambiguity  in  stress  calculation  from  not  knowing  to  which  s)^tem  the  loads  at  A  and  B 


Fig.  96. 

belong.    Assuming  them  equally  divided  between  the  systems  is  nearly  correct  and  enables  *the 
stresses  to  be  readily  found. 

The  uncertainty  ci  computations  of  stresses  in  double  systems  by  the  usual  methods  con- 
stitutes a  somewhat  serious  defect  in  such  systems,  and  is  one  cause  that  has  led  to  the  adoption  of 
the  forms  referred  to  at  the  beginning  of  this  article. 

76.  The  Triple-intersection  Truss  has  been  built  to  some  extent.  It  is  similar  to  the 
Whipple  truss,  but  has  three  instead  of  two  sets  of  web  members.  The  stresses  are  found  in  the 
same  way  as  in  the  Whipple  truss. 

77.  The  Double-triangular  Truss,  shown  in  Fig.  97,  has  two  systems  of  triangular  brac- 
ing.   This  truss  is  used  both  as  a  short-span  riveted  structure  and  as  a  long-span  pin-connected 
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bridge;  the  Memphis  bridge  and  the  Kentucky  and  Indiana  bridge  are  of  this  form,  though  modi- 
fied as  shown  in  Fig.  104. 

For  chord  stresses  under  a  full  unifonn  load  the  pieces  11-14  and  14-15  are  not  in  action. 
The  moment  at  13  divided  by  h  gives  the  stress  in  12-16.  The  upper  chord  stresses  are  then  found 
by  subtracting  successively  the  sums  of  the  horizontal  components  of  the  stresses  in  the  two  web 


S         4        6 

8 

10 

18        14 

16        18 

80 

» 

84       i 

X>0 

A 

V 

0 

CO 

{X) 

A 
V 

0 

<x 

1         8         • 

? 

9 

a      u 

-i     17 

18 

81 

88        1 

Fto.  97. 

members  which  meet  at  each  panel  point.  These  horizontal  components  are  found  as  in  Art.  75, 
assuming  each  web  system  as  independent.  For  the  lower  chord  stresses,  that  in  11-13  is  equal 
to  12-16  minus  hor.  comp.  of  12-13;  9-11  =  11-13  minus  hor.  comp.  of  11-14,  minus  hor.  comp. 
lo-ii;  etc.  The  chord  stresses  can  also  be  found  readily  by  considering  the  truss  divided  into 
two  independent  triangular  trusses.  The  resulting  stresses  are  then  combined  as  explained  for 
the  Whipple  truss.  The  web  stresses  are  foimd  as  in  a  simple  triangular  truss,  assuming  each 
system  as  independent. 

Sometimes  vertical  members  are  introduced  at  each  panel  point.  This  construction 
connects  the  two  systems  of  bracing  so  they  can  no  longer  act  independently.  The  analysis  is 
made  by  assuming  each  system  to  carry  one-half  the  load  at  each  joint. 

78.  The  Lattice  Truss,  Fig.  98,  has  commonly  four  systems  of  bracing.  It  is  seldom  used 
for  long  spans  and  is  always  built  as  a  riveted  structure.    It  is  best  analyzed  by  treating  the  four 


Fig.  98. 

systems  as  independent,  although,  as  the  web  members  are  riveted  together  at  their  points  of 
construction,  independent  action  is  not  possible.  Fcr  small  trusses  it  is  customary  to  analyze 
the  truss  as  a  beam.  The  maximum  moment  and  shear  is  found  at  several  different  sections; 
the  stresses  in  the  chords  or  flanges  are  found  by  assuming  them  to  take  all  the  moment,  and  those 
in  the  web  members  by  assuming  the  shear  as  equally  divided  among  the  members  cut. 

79.  The  Post  Truss,  shown  in  Fig.  99,  is  a  special  form  of  the  double-triangular  truss.  The 
lower  chord  is  divided  into  an  odd  number  of  panels,  and  the  upper  chord  contains  one  less  panel 
than  the  lower.  The  posts  are  inclined  by  one-half  of  a  panel  length,  and  the  ties  by  one  and  one- 
half  panel  lengths.    The  chord  stresses  are  readily  found  as  before  by  considering  Ihe  web  member 


Fig.  99. 

meeting  at  8,  10,  and  12  as  not  acting  under  a  full  load  if  it  is  a  through-bridge,  or  the  members 
8-1  i  and  9-12  if  a  deck-bridge.    For  web  stresses  it  is  impossible  to  separate  the  systems,  as  they 
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are  connected  at  the  centre.  The  best  that  can  be  done  is  to  assume  the  systems  to  be  i,  2,  5, 6, 
9,  12,  13,  16,  17,  18,  19,  and  I,  2,  3,  4,  7,  8,  11,  14,  15,  18,  19.  Tor  the  counters  9-10  and  10-13 
the  first  system  becomes  9,  10,  13,  instead  of  9,  12,  13;  and  for  the  counters  11-12  and  12-15,  if 
required,  the  second  system  becomes  11,  12,  15,  in  the  place  of  ii,  14,  15.  This  type  of  truss  is 
no  longer  built. 

80.  The  Baltimore  Truss. — ^The  Baltimore  truss,  Pig.  too,  or  a  modified  form  of  it,  Fisr.  116. 
is  used  very  generally  for  long  spans* 

The    stresses    are    all    easily    deter-  yfl      "  K       /K        ^1^       >7\       >l         >K ^T 

mihed;    the  panel  lengths  are  short, 
while  the  diagonals  have  an  econorr 
ical  inch  nation. 

Chord  Stresses. — ^The  upper  chord 
stresses  are  found  as  usual  by  taking  centres  of  moments  at  lower  chord 
points,  the  dotted  diagonals  not  being  in  action  for  full  load. 

The  stresses  in  the  lower  chord  members  are  found  by  taking 
moments  about  upper  chord  points.  Thus  for  piece  65  we  pass  a  sec- 
tion cutting  2-4,  ^5,  and  65,  separate  the  portion  to  the  left,  Fig.  (a), 
and  put  2  mom.  about  2=0.  We  have,  therefore,  R^X2d—P^Xd+ 
P,Xi— •S',X/t=o,  whence  ^3  is  determined.  It  is  to  be  noted  that  the 
moment  of  the  external  forces  acting  on  the  portion  considered,  about 

the  point  2,  is  not  the  ordinary  "bending  moment"  in  the  truss  at  2,  since  here  we  have  included 
the  force  P^  which  is  on  the  right  of  the  centre  of  moments.  In  the  equilibrium  polygon  this 
moment  is  represented  by  the  ordinate  xy. 

The  stress  in  36  is  evidently  equal  to  that  in  65.     The  other  chord  stresses  are  found  in 
a  similar  manner  to  that  described  above. 

Web  Stresses. — ^The  stress  in  each  subvertical,  aa\  hV^  etc.,  is  equal  to  the  load  at  its  base 
=  (w+  P)d.  The  vertical  component  of  the  compressive  stress  in  each  of  the  pieces, 
a'3,  ^3,  c's,  etc.,  is  found  by  a  diagram  of  joints  a',  i/,  etc.,  to  be  equal  to  one-half 
the  stress  in  the  subvertical  =^\{w+p)d.  Thus  for  joint  b'fFig.  loi,  draw  1-2  verti- 
cal and  equal  to  the  stress  in  if,  then  2-3  parallel  to  3^,  and  3-4  and  4-1  parallel 
to  2-5,  closing  the  polygon,  the  point  4,  however,  being  unknown.  The  vertical 
component  of  2-3^i(i-2)^^(w+p)d. 

The  vertical  components  in  la',  6^5,  ^^7,  d'g,  8e^,  and  lof  are  equal  respectively 
to  the  maximiun  positive  shears  in  the  panels  to  which  these  pieces  belong,  as  they  are  the  only 
inclined  members  in  the  panels  which  carry  positive  shear.  The  stresses  in  the  verticals  4-5, 
6-7,  and  8-9  are  equal  to  the  vertical  components  in  4c',  6d',  and  Se^,  respectively,  plus  whatever 
load  may  be  appUed  at  the  upper  panel  point.  The  tension  in  2-3  =  vert.  comp.  in  <7'3-^vert. 
ccxnp.  in  6'3-fload  at  3,  =2(w+p)d.    . 

The  vertical  component  of  the  stress  in  26^  =  shear  in  36— vert.  comp.  in 
3^.  To  determine  for  what  position  of  the  loads  this  stress  is  a  maximum  we 
note  that  the  addition  of  a  live  panel  load  at  b  increases  the  shear  in  3J  by  \ipd. 
and  incireases  the  vertical  component  in  3^'  by  ^pd.  The  vertical  component 
in  2^  is  then  increased  by  (If  —  J)^=AM  thus  showing  that  the  loads  should 
extend  up  to  b  from  the  right  for  a  maximum  in  2V.  With  such  loading,  then, 
the  shear,  minus  i(w+p)dy  is  the  vertical  component  of  the  required  stress. 
Similarly  for  4(f  and  6d\  The  vertical  component  in  a'2  =  shear  in  a3-f-vert.  comp.  a'3,  as  is  seen 
from  Fig.  102  by  putting  J  vert.  comp.=o.    Adding  pd  to  a  decreases  the  positive  shear  in  a^ 


Fig.  xoz. 
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by  ^pd,  but  increases  the  vertical  component  in  a'3  by  i\pd,  thus  increasing  the  vertical  compo- 
nent in  a'2  by  ^^pd.    Hence  for  a  maximum  stress  in  a'2  the  bridge  should  be  fully  loaded. 

When  the  pieces Vit  and  /'13,  and  similar  members  on  the  left,  act  with  the  counters,  they 
are  in  tension.  The  vertical  component  of  the  tension  in  ^11  =  positive  shear  in  eii  +  vert.  comp. 
in  ^10,  the  piece  ge^  not  being  in  action  and  the  vert.  comp.  in  e'lo  being  equal  to  one-half  the  load 
at  e.  A  process  of  reasoning  similar  to  that  above  shows  that  for  a  maximum  in  e'li  the  load  should 
extend  to  11.  The  stress  in  /'13  is  found  in  like  manner.  If  the  shear  in/13  plus  ^wd  (  =  vert. 
comp,  in  /'12)  should  be  negative,  then  there  would  be  no  tensile  stress  in  /'i3.* 

The  minimum  stresses  in  subverticals,  substruts,  and  hip-verticals  are  the  dead-load  stresses. 
The  minimum  stresses  in  all  other  web  members  up  to  the  first  counter,-  c'C,  are  caused  by  loading 
those  joints  which  were  not  loaded  for  maximum  stresses.  The  stresses  themselves  are  calculated 
as  before.  In  the  counters  and  in  members  </y  and  d'g  the  minimum  is  zero.  In  members  6d' 
and  6-7  the  minimum  occurs  when  the  truss  is  loaded  from  the  left  end  up  to  7  or  far  enough  to 
bring  counter  d'8  into  action,  but  v/ithout  placing  a  load  at  d.  The  piece  rf'9  is  then  not  acting 
and  the  stress  in  6rf'  will  equal  one-half  the  dead  joint  load  at  rfXsec  0,  The  stress  in  6-7  will 
then  equal  the  vert.  comp.  in  6d'  plus  the  dead  load  at  6.  The  minimum  stress  in  8-9  will  be 
the  dead  load  at  8. 

Fig.  103  illustrates  a  form  of  Baltimore  tniss  in  which  the  loads  on  the  intermediate  panel 
points  are  carried  by  subties  to  the  upper  chord  joints.      A  substrut  is  required  at  a'.    Member 

7(/'  is  a  counter. 

The  analysis  of  this  truss  is  very 
similar  to  that  of  the  other  form,  and  a 
brief,  statement  with  respect  to  certain 
members  will  suffice.  The  maximum 
stresses  in  members  2&',  4^/,  and  6rf'  and 
in  8^  and  10/'  when  acting  as  counters, 
are  due  to  the  ma^pmum  positive  shears  in  the  respective  panels.  The  minimum  stresses  in  2// 
and  4</  are  found  from  the  minimum  shears,  but  in  6d'  and  in  all  the  subties  the  minimum  stress 
is  equal  to  one-half  a  lower  dead  joint  load X sec  d.  The  counter.7d'  will  have  the  same  maximum 
tension  as  the  member  7^'  of  Fig.  too;  its  minimum  stress  is  zero.  The  vert.  comp.  in  fc'5  is  equal 
to  the  shear  in  the  panel  ^5  plus  the  vert.  comp.  in  ^4  (one-half  the  load  at  h).  The  maximum 
stress  in  6'5  will  occur  when  the  truss  is  loaded  from  the  right  up  to  b,  and  its  minimum  stress  when 
joints  a  and  3  are  loaded.  The  maximum  stresses  in  (^7  and  d[g  are  similarly  found.  The  mini- 
mum stress  in  d'g  is  zero,  and  likewise  in  c'y  if  the  shear  in  this  panel  can  be  negative.  If  not,  then 
its  minimum  stress  is  found  as  for  ^5. 

The  stress  in  4-5  is  equal  to  the  sum  of  the  vert,  comps.  of  the  stresses  in  4c'  and  4ft',  plu/. 
the  load  at  4.  Its  maximum  value  occurs  when  the  tniss  is  loaded  from  the  right  up  to  b;  its  mini 
mum  value  when  the  other  joints  are  loaded.  Tlic  maximum  in  6-7  and  o  )  are  similarly  foua  I 
except  that  in  tl.c>e  cases  the  bridge  should  be  loaded  up  to  d  and  e  resj>ectivcly.  The  minimr.ni 
stress  in  6-7  occurs  wlicn  the  bridge  is  loaded  on  .the  left  sufficiently  to  throw  rf'g  out  of  action. 
Its  stress  is  tlien  equal  to  vert.  comp.  6d'  +  vert.  comp.  f'6-!- load  at  6  =  lower  dead  joint  load -f  upp;  r 
dead  joint  load.     The  minimum  stress  in  8-9  is  the  same. 

Example. — Find  the  stresses  in  aU  members  of  the  truss  in  Fig.  103.  Span  =  320  ft.;  A  =  40  ft,;  live 
load  =  1500  lbs.  per  foot;  dead  load  by  formula  (4),  p.  44.  Consider  one^third  the  dead  load  as  applied  at 
the  upper  chord. 

81.  The  Coihpound-triangular  Truss.— Fig.  104  shows  a  method  of  subdividing  the 
panels  in  the  double-triangular  truss.     The  comi)utation  of  stresses  is  but  slightly  altered. 


Fig.  103. 
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The  intennediate  panel  loads  at  a,  i,  c,  etc.,  may  be  considered  as  transferred  to  the  main 
panel  points  i,  3,  5,  etc.,  by  means  of  separate  small  trusses  or  trussed  stringers,  ia'3,  3^5,  etc., 
as  shown  in  Fig.  105.    Whatever  stiesses  there  may  be  in  the  inclined  and  horizontal  members 


g    u    h   n 


Fig.  104. 


of  these  small  trusses  must  be  added  to  the  stresses  for  the  same  loading  in  those  members  of  the 
main  truss  with  which  they  in  reality  coincide. 

To  find  the  chord  stresses  in  such  a  truss  neglect,  at  first,  the  subpaneling  and  calculate  the 
chord  stresses  for  the  main  truss  as  explained  in  Art.  77,  assuming  each  of  the  joints  3,  5,  7,  etc., 
loaded  with  a  double  panel  load.  The  resulting  stresses  will  be  correct  for  the  upper  chord.  For 
the  lower  chord  there  will  need  to  be  added  to  each  stress  the  stress  in  the  member  as  a  part  of 

the  small  truss.     This  additional  stress  (see  Fig.  105,  (a))  =  P-,  where  P  is  the  joint  load,  dead  or 

ft 

tve,  applied  at  a,  b,  etc. 

The  dead-load  web  stresses  are  found  in  the  same  way  as  the  chord  stresses.    The  stress  to 

be  added  to  the  stresses  in  members  ia\  a'T^,  36',  6's,  etc.,  due  to  the  subpaneling  is  equal  to 

P 

-  sec  tf,  compression  (Fig.  105  (a)). 

The  maximum  live-load  stresses  in  the  upper  halves  of  the  diagonals,  can  also  be  found  by 
emitting  the  subpanels.  The  maximum  tension  in  6^,  for  example,  occurs  when  the  main  joints 
7,  II,  and  15  are  loaded  with  a  double  panel  load;  the  maximum  compression  occurs  when  joint 
3  is  so  loaded.  For  the  lower  halves  the  stresses  in  the  small  trusses  must  be  considered  in  detail. 
Consider  member  (f^  for  example.  Its  vert.  comp.  is  always  equal  to  the  shear  on  the  section 
cutting  6-7  of  the  main  truss,  plus  a  compression  equal  to  one-half  the  live  load  at  c,  if  any.  The 
positive  shear  on  this  section  is  greatest  when  joints  7,  11,  and  15  are  fully  loaded,  but  to  load  7 
fully  requires  a  load  at  c,  which  would  cause  a  compression  in  c/ 7  as  part  of  the  small  truss.     The 

.  .  P 

resultant  effect  of  a  panel  load  P  at  joint  c  must  be  determined.     Adding  such  a  load  at  c  adds  — 

2 

c     P      ^ 

at  7,  thereby  increasing  the  shear  by  ^X  — =  -^P,  and  the  vert.  comp.  of  the  tension  in  the  main 

8     2      16 

member  6-7  by  the  same  amount.     The  vert.  comp.  of  the  compression  caused  in  c'7  as  a  part 

of  the  small  truss  ==A^P,  hence  the  resultant  effect  on  the  stress  is  compressive  by  -^\P,     Hence 

no  load  should  be  placed  at  c.    Joint  7  will  then  be  loaded  with  iJP,  and  joints  ir  and  15  with 

2P  each,  giving  a  shear  to  the  left  of  7  equal  to  \X2P -\-  IX2P -\- IX  iJP  =  |^P,  which  is  the  vert. 

comp.  of.  the  desired  maximum  tension.     For  the  maximum  compression  in  5^/  the  joint  c  should 

be  loaded.     On  the  main  truss  there  will  then  be  \P  at  5  and  2P  at  joints  9  and  13.     The  shear 

in  panel  5-7  will  equal  |X2P-f-iX2P-|-4XiP— i-P=  V^-    The  vert.  comp.  of  the  compression 

in  sc  is  therefore  V^-f  iP=V^. 


Example. — Find  the  stresses  In  a  deck-hridgt,  similar  to  the  above  but  with  the  subverticals  extending 
upwards  from  the  centre.    Span  =  360  ft.;  ^«-45  ft.;  loading  as  in  previous  example. 
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BRIDGE-TRUSSES   WITH  INCLINED  CHORDS. 

82.  Components  of  Stresses  in  Inclined  Members. — In  analyzing  trusses  with  inclined 
chords  it  is  frequently  necessary  to  deduce  the  stress  in  a  member,  or  its  vertical  or  horizontal  com- 
ponent, from  another  known  component  or  from  the  stress  itself.  The  simplest  way  to  do  this 
in  practice  is  to  make  direct  use  of  the  length  and  horizontal  or  vertical  projection  of  the  member 
in  question,  rather  than  to  calculate  angles  and  use  trigonometrical  tables.  .  In  beginning  an  analysis 
the  lengths  of  all  members  should  first  be  calculated,  as  these  will  be  needed  in  any  case;  also  their 
vertical  and  horizontal  projections  where  not  given  directly  as  a  part  of  the  data.  Then  if  /= length 
of  any  member,  /*= horizontal  projection,  /„= vertical  projection,  5= stress,  5^= horizontal  com- 
ponent, and  50»  vertical  component,  we  have 


whence 


^ 
h 


SI      S     I     S,   I,    . 


5-^./-^./,    5.=|i-/.=f-/.,    and     5*=^./*=r-^».  • 
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(22) 


From  these  equations  the  easily  remembered  rule  may  be  stated:  To  find  any  desired  compo 
nent  divide  the  given  component  by  the  corresponding  projection  afid  multiply  by  the  projection  corre- 
sponding to  the  desired  component.     This  method  will  be  generally  used  in  the  following  work. 
83.  Chord  Stresses — Let  AB,  Fig.  106;  be  any  truss  with  inclined  chords.    The  simplest 

method  of  calculating  the  stress  in  any  chonl 
member,  as  2-4,  is  by  the  .method  of  moments, 
as  in  the  horizontal  chord  truss.  The  mo- 
ment centre  for  2-4  is  at  3.  If  its  lever-arm 
is  w,  we  may  write,  as  in  cq.  (16), 


.^--'  A 


Fig.  106. 


u 


(23) 


where  M^S  moments  of  the  external  forces  on  the  left  of  the  section  about  3. 

Instead  of  calculating  the  value  of  u  it  is  often  more  convenient  to  get  first  the  horizontal 
component  of  the  chord  stress  and  then  reduce  by  the  method  explained  in  the  preceding  article. 
The  horizontal  component  is  found  as  follows:    Fig.  107  shows  the  structure 
to  the  left  of  the  section.     S  is  the  unknown  stress.     Resolve  this  into  the  com- 
ponents S^  and  Sh  and  apply  these  at  a  point  a,  vertically  abo\e  3.     Equating 
moments  about  3  as  before,  S^  will  not  appear  and  we  shall  have 

M 

(24) 


Su  =  ^. 


Fig.  107. 


That  is,  the  horizontal  component  of  the  chord  stress  is  equal  to  the  bending 

moment  divided  by  the  vertical  distance  from  the  moment  centre  to  the  member.    Then,  from 

eq.   (22), 


^    Sh  ,    M  I 


(25) 


The  chord  stresses  are  a  maximum  when  the  bridge  is  fully  loaded. 


BRIDGE-TRUSSES— ANALYSIS  FOR    UNIFORM   LOADS 


•^v 


The  graphical  method  of  analysis  is  well  adapted  to  trusses  with  inclined  chords.  A  single 
diagram  will  determine  all  dead-load  chord  stresses,  and  the  live-load  stresses  may  be  found  from 
these  as  heretofore  explained. 

83a.  Web  Stresses. — The  stress  in  a  web  member  of  such  a  truss  as  shown  in  Fig.  106  is 
obtained  most  easily  by  the  method  of  moments.  For  member  3-4,  for  example,  the  moment 
centre  is  at  the  intersection  of  2-4  and  3-5.  The  lever-arm  of  3-4  may  be  measured  from  a  large 
scale  drawing  of  the  truss.  So  long  as  the  chord  members  cut,  2-4  and  3-5  in  this  case,  intersect 
beyond  the  support,  the  maximum  stress  of  either  kind  in  the  web  member  will  be  caused  by  a 
position  of  loads  similar  to  that  necessary  in  the  horizontal  chord  bridge.  If,  however,  the  chord 
members  intersect  at  a  point  between  the  supports  (a  very  unusual  condition),  the  maximum  stress 
will  be  caused  by  loading  the  truss  fully. 

In  a  truss  with  one  horizontal  chord  and  vertical  web  members.  Fig.  108,  the  method  of 
moments  may  conveniently  be  modified  as  follows:  Suppose  the  stress  in  2-5  be  required. 
In  Fig.  {a)  replace  the  stress  5  by  Sh  and  S^ 
applied  at  point  5.  Then  IM=o  about  /  gives 
SJ^s-\-md)==Mf  where  Af=sum  of  the  moments  of 
the  external  forces  about  /,  which  for  live -load 
stresses  is  equal  to  R^s.    Then,  from  (22), 


(26) 


in  which  /= length  of  2-5  and  /^= vertical  projection. 
All  quantities  are  easily  calculated,  and  if  all  lever- 
arms  are  expressed  in  panel  lengths  the  work  is  still 
further  simplified. 

For  the  stress  in  the  vertical  4-5  we  have  directly, 
from  IM=o  about  /  of  the  forces  acting  to  the  left  of  the  section  cutting  4-5,  etc., 

M 


Fig.  108. 
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(27) 


This  method  of  moments  can  be  applied  also  where  all  web  members  are  inclined,  but  with 
less  advantage. 

The  method  of  shears  is  also  readily  applied  to  such  a  truss  as  shown  in  Fig.  108.  We  have 
here,  as  in  the  horizontal  chord  truss,  the  shear  on  any  section,  as  pq^  must  be  resisted  by  the  vertical 
components  of  the  stresses  in  the  members  cut.  In  this  case,  however,  the  upper  chord  member 
has  a  vertical  component,  and  the  vertical  component  in  the  web  member  will  therefore  equal 
the  shear,  minus  or  plus  the  vertical  component  in  the  chord  member  according  as  this  vertical 
component  acts  in  the  opposite  or  the  same  direction  as  the  shear. 

The  minimum  stresses  in  a  truss  with  counters  such  as  shown  in  Fig.  108  are  found  in  the 
same  general  way  as  in  the  Pratt  truss.  The  only  point  requiring  notice  is  the  calculation  of  the 
stress  in  the  verticals  which  are  adjacent  to  panels  containing  counters,  such  as  member  4-5. 
This  receives  its  minimum  stress  when  2-5  and  5-6  are  acting,  in  which  case  the  stress  is  found 
by  considering  the  forces  acting  at  joint  4.  The  chord  members  2-4  and  4-6  have  a  resultant 
upward  action  which  causes  tension  in  4-5,  while  the  load  at  4  causes  compression.  The 
resultant  may  be  a  small  compressive  stress  or  may  be  a  tensile  stress.  The  least  compression  or 
the  greatest  tension  is  what  is  wanted,  and  it  will  occur  when  the  truss  is  as  fully  loaded  as  possible 
and  still  have  the  counter  5-6  act  instead  of  the  member  4-7.  The  required  loading  must  he 
determined  by  trial  by  loading  from  the  left  up  lo  5,  then  to  7,  then  to  9,  and  calculating  the  total 
stress  in  5-6.    So  long  as  it  is  tensile  the  member  5-6  is  in  action.    The  middle  vertical,  6-7,  has 
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its  maximum  tendon  for  a  fully  loaded  bridge.  The  calculation  of  minimum  stresses  is  illustrated 
in  the  example  below. 

Graphically,  the  dead4oad  V9A  stresses  will  be   iMBd  Igr  diagram  at  the  same  time 
as  the  chord  stresses* 

For  live  load  web  stresses  a  separate  diagram  must  be  drawn  for  each  position  of  the  load, 
a  different  position  being  required  for  each  pair  of  diagonals  meeting  at  the  unloaded  chord. 
This  diagram  need  be  drawn  only  up  to  the  pieces  whose  stresses  are  desired.  The  abbrevi- 
ated diagram  of  Chap.  II,  p.  29,  will  be  found  to  apply  well  here.  The  reactions  for  the 
several  positions  of  the  loads  should  be  first  computed,  then  laid  off  on  the  same  vertical  and 
all  the  diagrams  drawn.  Or  the  live-load  web  stresses  may  be  found  by  a  single  diagram  as 
follows :  Assume  a  left  abutment  reaction  of  some  convenient  amount,  as  looooo  lbs.,  and, 
with  no  loads  on  the  truss,  begin  at  the  left  and  draw  a  stress  diagram  for  a  little  more  than 
one  half  the  truss,  or  as  far  as  counters  are  required.  The  main  diagonals  are  to  be  consid- 
ered as  acting  on  the  left  of  the  centre,  and  the  counters  on  the  right  Scale  off  and  tabulate 
the  stresses  thus  found.  Compute  the  actual  reactions  for  the  various  positions  of  the  loads 
required.  Then  to  get  the  maximum  stress  in  any  diagonal,  multiply  the  stress  found  from 
the  diagram  by  the  true  reaction  corresponding  to  the  position  of  loads  for  a  maximum  stress 
in  this  piece,  and  divide  by  lOOOOO.  With  a  slide  rule  this  method  is  very  rapid  and  easy. 
It  is  based  on  the  fact  that  the  diagram  as  drawn  above  and  those  drawn  for  each  position  of 
the  loads  are  similar  figures. 

Exact  Method  of  Calculating  Maximum  Web  Stresses  far  Uniform  Loads. — ^The  assump- 
tion of  full  joint  loads  on  one  side  of  the  panel  only  is  usually  made,  as  in  parallel-chord 
trusses.  The  exact  position  of  the  end  of  a  uniform  moving  load  for  maximum  web  stress 
may  be  found  as  follows: 

Let  X,  Fig.  108  =  the  distance  from  the  panel  point  on  the  right  of  the  section  to  the 
head  of  the  load ;  m  =  the  number  of  panels  to  the  left  of  this  panel  point,  and  n  =  the  whole 
number  of  panels.  Let  s  =  distance  /  i.  Then  the  stress  in  2-5  will  be  increased  by  adding 
loads  to  the  left  of  5  until  we  reach  a  distance  x  from  5,  at  which  point  the  addition  of  an 
increment  of  load  will  produce  no  additional  stress.  The  increase  in  stress  in  2-5  due  to  a 
load  dP  a  distance  x  from  5  is 

ds^ '— 2 : — 

Putting  this  equal  to  zero,  we  have 


x  +  U  —  m^d       x^     ,   ,  ...      ^ 


whence 


x  = ^^^^ jd.      .    .    .    .- (28) 

«  —  I  +«(/«-  l)- 

Comparii^  tfiis  ivltti  the  value  of  x  given  on  p.  52  for  parallel  chords,  we  notice  that  in  this 
last  expression  we  have  the  additional  term  «(>«  —  i )  -  in  the  denominator.  This  term  becomes 
zero  when  x  =  qo  ,  or  for  parallel  chords,  as  should  be  the  case. 
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The  corresponding  stress  in  2-5  is  found  by  taking  moments  about  /.     If  R^  is  the  left  abut- 
ment reaction,  P'  the  panel  load  at  3,  and  p  the  load  per  foot,  we  have  stress  in  2-5 » 


R^Xs-FX[s+{m-i)d\ 


t 


Now 


j((n-  w)(f  +  xf 


>f^P± 


^i-^""     2/"'   ^      ^^^    ^'^2d 


Substituting  the  above  value  of  x  and  reducing,  we  have 


2n 


84.  Example. — Let  it  be  required  to  analyze  the  "Curved  Chord  Prati"  truss  shown  in  Fig.  109  for  a 
uniform  fixed  load  of  400  lbs.  per  foot  per  truss  and  a  uniform  moving  load  of  900  lbs.  per  foot  per  truss. 

Dead  panel  load  =     W  =.    7000  lbs. 
Live  panel  load    =    P     =15750  lbs.. 


Dead-load  reaction  = 


TW 


=  24500  lbs. 


All  the  dead  load  will  at  first  be  assumed  as  applied  at 
the  lower  joints.     Panel  length  =//=  17.5  ft.  jJ.  * 

Chord  Stresses. — Applying  the  method  of  eq.  (24),  we  may  write  at  once: 


Fia  109. 


Stress  in  1-3  and  3-5  =  (24500  x  i)-!~?  =23800. 

lo 


17.5 


Stress  in  5-7  and  hor.  comp.  2-4  =  (24500  x  2  —  7000  x  i)  — ^  =  33400. 

22 

17.5 

Stress  in  7-9  and  hor.  comp.  4-6  =  [24500  x  3  —  7000  x  (l  +  2)]  —^  =  38000- 

24 

17.5 
Hor.  comp.  6-8  =  [24500  x  4  —  7000  (14-2  +  3)]  -^  =  39200. 

The  stresses  m  the  upper  chord  members  are  found  from  their  horizontal  components  as  follows: 


Stress  in  2-4  =.  33400  x 


'7.95 
J7.5 

17.61 


=  34300- 


Stress  in  4-6  =  38000  x    -- —  =  38200. 

'7-5 

Stress  in  6-3  z^  39200  x  =  39 300 

'7-3 

The  live-load  stresses  are  equal  to  the  above  dead-load  stresses  multiplied  by  ^^   or  2.25. 

Web  Stresses, — (a)  Dead  Load.'—Th^sc  will  be  found  by  the  method  of  shears,  getting  the  vertical 
components  of  the  web  stresses  by  subtracting  from  the  shears  the  vertical  components  of  the  chord 
stresses.    The  shears  are: 

Panel  i-  3  =  +  24500, 
Panel  3-  5  =  +  17500, 
Panel  5-  7  =  +  10500, 
Panel  7-  9  =  +  3500, 
Panel  9-11=—  3500, 
etc..  etc. 
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The  vertical  components  of  the  chord  stresses  will  be  found  from  their  horizontal  components  already 
calculated.    They  are : 

Vert.  comp.  2-4  =  33400  x  —7-  =  760a 

17.5 

■ 

2 

Vert.  comp.  4-6  =  38000  x =  430a 

'7-5 

Vert.  comp.  6-8  =  39200  x =  2200. 

I/'  5 

The  vertical  components  of  the  stresses  in  the  main  diagonals  are  therefore : 

Vert.  comp.  1-2  =  24500. 
Vert.  comp.  2-5  =  17500  — -  7600  =  990a 
Vert.  comp.  4-7  =  10500  —  4300  =  6200. 
Vert.  comp.  6-9  =    3500  —  2200  =  1300. 
The  stresses  will  be: 

Stress  m  1-2  =  24500  x  -~-  =  3420CX 
»  10 

**  .  25.10  „  ^ 

Stress  m  2-5  =    9900  x  —-^-  =  1380a 

^  .  ,  28.11 

Stress  m  4-7  =    6200  x  =  790a 

Stress  in  6-9  =    1300  x  -— —  =  i6oot 

All  arc  tensile  except  1-2. 

When  the  counter  7-8  is  in  action  the  dead-load  stress  in  it  is  compression,  and  is  calculated  just 
as  if  6-9  did  not  exist.  Its  vertical  component  will  equal  ihe  shear  in  panel  7-9  minus  the  vertical 
component  of  the  simultaneous  stress  in  6-8.     Now   when  7  -8   is  acting   the    moment  centre  for  6-8  is 

at  7  and  the  horizontal  component  of  its  stress  will  equal  *-       -  ^,  which  is  the  same  as  the  hori- 
zontal component  in  4-6  already  computed  =  38000  lbs.    Tlie   vertical  component  in  6-8  =  38000  x  -—  = 

'/•5 

2150  lbs.     Finally  vert.  comp.  'j^  =  3500—  2150  =  1350  lbs.,  and  the  stress  =  1350  x  5-1^-  =    1600  lbs. 

compression. 

In  the  same  manner  we  have  for  the  dead-load  compression  in  5-6 :  Hon  comp.  4-6  =:  hor.  comp 

2 
2-4  =  33400  ;   vert.  comp.  4-6  =  33400  x  — ^^  =  3800;  vert.  comp.    5-6  =  10500  —.3800  =  6700;   stress   in 

5-6  =6700  X  —       =  8300  lbs.  compression.     In  case  the  live-load  tension  in  5-6  does  not  exceed  the  dead- 
load  compression,  then  this  member  is  not  needed. 

The  dead-load  stresses  in  the  verticals  (main  diagonals  acting)  are: 

Stress  in  2-3  =  7000  lbs.  tension. 

Stress  in  4-5  =  10500  —  7600  =  2900  lbs.  compression. 

Stress  in  6-7  =    3500  —  4300  =    800  lbs.  tension. 

The  member  8-9  will  receive  its  maximum  compression  when  8-1 1  (or  7-8)  is  under  maximum  stress, 
and  the  value  of  its  stress  will  then  be  equal  to  the  shear  on  section  g  minus  or  plus  the  vertical  component 
in  6-8.  The  dead-load  shear  =  —  3500  lbs.,  and  the  vert.  comp.  in  6-8  =  2200  lbs,  compression.  For 
equilibrium  the  tension  in  8-9  must  equal  3500+  2200  =  5700  lbs. 
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Wc  will  now  correct  the  stresses  in  the  verticals  for  |^  which  will  be  assumed  applied  at  the  upper 
joints,  giving  finally  the  stresses 

2-3  =  —  7000  +  2300  =s  4700  lbs.  tension, 
4-5  =       2900  +  2300  =  5200  lbs.  compression, 
6-7  =  —    800  +  2300  =  1 500  lbs.  compression, 
8-9  =  —  5700  +  2300  =  3400  lbs.  tension. 

{d)  Live  Load, — The  maximum  stress  in  1-2  =  dead-load  stress  x  \%%  =  76900  lbs.  Stress  in  2-3  <= 
P  =  15750  lbs.  For  the  remaining  members  the  method  of  moments  explained  on  p.  69  will  be  used.  The 
distances  from  the  left  support  to  the  points  of  intersection  of  the  various  upper  chord  segments  with  the 
lower  chord  are  as  follows : 

for  2-4.     3.5  {>anel  lengths, 
for  4-6,    9 
for  6-8,  21 

p 

For  the  maximum  stress  in  2-5,  joints  5  to  1 5  are  loaded,  and  the  left  reaction  =  -^(1+3  +  3+4  + 

5  +  6)  s  41300  lbs.    Then  we  have,  as  in  Art.  83a,  M  being  equal  t  >  /.*i  x^, 

Vert.  comp.      2-5  =sA'i  x  .  =  41300  x  —  =  26300. 

^  ^  .     J  +  md      ^  ^  5,5 

In  like  manner  for  the  other  diagonals 

P  9 

Vert.  comp.       4-7  =  q-  (i  +  2  +  3  +  4  +  5)  — =  2210a 

o  12 

P  21 

Vert,  comp.      6-9  «o(i+2+3+  4) —  =■  1 6500. 

5  25 

For  the  counter  8-1 1  the  load  extends  to  1 1.  and  the  centre  of  moments  is  21  panels  to  the  right  of  point  17 
and  29  panels  to  the  right  of  ^1.     We  have  then 

P  20 

Vert.  comp.    8-11  — ~(i +2 +3)-^  =  i4300. 

8  24 


Likewise 


p  J7 

Vert.  comp.  10-13  =  — (i  +2)— —  9100. 

^        o  II 


The  stresses  in  the  diagonals  are 


,        ^^25.10       _ 
2-  5"=  26300  X-^  -36700. 


28.11 

4-  7«=22iooX =* 28200. 

22 


^  X  v^  20.70 

6-  Q«  16500  X =-20400. 

24 


8-1 1  —14300  X'^-^ —  =  1750C 


w  29.70 

^0-13-   9100  X-^ -11399. 

24 
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The  stresses  in  the  verticals  are  calculated  in  a  similar  manner  (eq.  (27))  as  follows: 

4-5--(i +2+3+4+5)^:5 -18800. 
^  5-5 

P  o 

6-7-3(1+2+3+4)-^        -14800. 

P  21 

8-9--(i+2+3)—  -  9900. 

All  these  stresses  are  compressive. 

The  maximum  compression  in  the  verticals  and  the  maximum  tension  in  all  diagonals  may 
now  be  made  up  as  follows,  using  signs  to  indicate  the  kind  of  stress: 


Member. 

Dead  Load. 

Live  Load. 

Total  or  Maximom. 

1-2 

+  34200 

+  76900 

+  IIIIOO 

2-3 

-  4700 

-15700 

— 

20400 

2-S 

—  13800 

-36700 

— 

50500 

4-S 

+  5200 

+  18800 

+ 

24000 

4-7 

—  7900 

—  28200 

— 

36100 

6-7 

+  1500 

+  14800 

+ 

16300 

6^ 

—  1600 

—  20400 

— 

22000 

8-9 

-  3400 

+  9900 

+ 

6500 

7-8  or  8-1 1 

+  1600 

-17500 

— 

15900 

5-6  or  10-13 

+  8300 

-1 1300 

— 

3000 

There  still  remains  to  be  determined  the  maximum  tension  in  the  verticals  4-5,  6-7,  and  8-9. 
The  minimum  stress  in  all  diagonals  except  2-5  is  zero.  That  in  2-5  occurs  with  joint  3  loaded. 
It  can  readily  be  found  if  needed. 

The  maximum  tension  in  8-9  occtirs  for  a  fully  loaded  bridge,  as  in  that  case  members  6-9  and 

9  -ro  will  be  in  action.     The  dead-load  tensile  stress  ==  vert.  comp.  6-8  +  vert.  comp.  8-10  —  Jir(applicd 

at   8)  =  2200  +  2200  —  2300=  2100  lbs.      The  live-load  vert.   comp.   in   6-8=  (dead  load)  X  18?  = 

2200  X  fj J  — 4900.     The  live-load  tension  in  8-9  is  therefore  4900  +  4900  =  9800  lbs.     Total  tension 

=  2100+9800  =  11900  lbs. 

To  get  the  maximum  tension  in  6-7,  members  4-7  and  7-8  are  assumed  to  be  in  action.  The  dead- 
load  tensile  stress  in  6-7  is  then  equal  to  vert.  comp.  4-6  —vert.  comp.  6-8  —  2300  lbs.  (load  at  6).  Now 
with  4-7  and  7-8  acting,  the  horizontal  component  in  6-8  is  equial  to  the  horizontal  component  in  4  6 

of  38000  lbs.  already  found,  whence  vert.  comp.  6-8  =  38000  X =  2200  lbs.    We  then  have  tensile 

stress  in  6-7  =  4300—2200  —  2300  =  100  lbs.,  or  practically  zero.  The  live-load  tension  in  6-7  will  be  a 
maximum  when  the  bridge  is  as  fully  loaded  as  possible  and  yet  have  7-8  in  action  instead  of  6-9.  This 
may  be  determined  by  trial.  The  member  7-8  receives  its  maximum  stress  when  joints  3,  5,  and  7 
are  loaded.  If  joint  9  is  loaded  its  stress  will  be  reduced,  but  it  will  probably  not  be  reduced  to  zero. 
Joint  It  may  perhaps  also  be  loaded  without  throwing  this  member  out  of  action.  The  effect  of 
loads  at  9  and  11  may  be  separately  considered.     A  load  of  P  =  15750  at  9  causes  a  compression 

in  7-8  (using  the  same  method  of  calculation  as  before)  equal  to       ^      X4X~  X^— ^—  =8400  lbs. 

o  24  25 

A  load  at  1 1  caused  a  compression  equal  to  three-fourths  of  this  amount  =  6300  lbs.  The  total  stress 
in  7-8  with  bridge  loaded  to  7  has  been  found  to  be  15900  lbs.  tension.  When  loaded  to  9  it  will 
therefore  be  equal  to  15900  —8400  =  7500  lbs.  tension,  and  when  loaded  to  11  it  will  be  7500  —6300  = 
1200  lbs.  tension.  Therefore  this  member  will  still  be  in  action  for  joint  11  loaded,  but  it  is  evident 
that  to  load  joint  13  in  addition  would  cause  the  resultant  stress  to  be  compression,  that  is,  it  would 
throw  6-9  into  action.  For  a  maximum  tension  in  6-7,  therefore,  the  truss  is  to  be  loaded  from 
3  to  II.     Under  this  load  the  value  of  /?|  =49200  lbs.,  and  the  horizontal  components  in  4-6  and 

6-8  =[49200  X  3 -15750(2 +i)]x'^—.     The  vert.  comp.  in  4-6  =  hor.  comp.  X  —  - =8400  lbs.,  an(' 

24  *7'5 
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vert.  comp.  in  6-8=hor.  comp.  X =  4200  lbs.,  whence  the  live-load  tension  in  6-7  —  8400—  4200 

17-5 

=  4200  lbs.     Total  tension  — 4200 +100  =  4300  lbs. 

By  the  same  method  it  can  be  shown  that  for  the  maximum  tension  in  4-5  only  joints  3  and  5 
should  be  loaded.  The  dead-load  tensile  stress  « vert.  comp.  2-4 —vert.  comp.  4-6—^1^  =  1500  lbs. 
The  live-load  tension  =  3200  lbs.     Total  — 4700  lbs. 

85.  Other  Forms  of  Curved-chord  Trusses. — The  curved-chord  Pratt  truss  as  illustrated 
above  is  the  most  common  form  of  curved-chord  truss  in  use  at  the  present  time.  In  the  deck- 
truss  the  upper  chord  is  of  course  made  horizontal  and  the  lower  chord  curved.  Formerly  exten- 
sive use  was  made  of  the  Parabolic  Bowstring  truss,  in  which  the  joints  of  the  upper  chord  lie  on 
the  arc  of  a  parabola.  Since  the  moment  curve  for  a  uniform  load  is  a  parabola,  it  follows  that 
the  horizontal  components  of  the  upper  chord  stresses  and  the  stresses  throughout  the  lower  chord 
are  uniform.  The  diagonals  therefore  receive  no  stress  under  uniform  load,  but  for  moving 
loads  counters  are  required  in  every  panel.  The  uniformity  of  chord  stress  was  a  point  in  favor 
of  this  truss,  but  the  difficulty  of  making  the  wind  bracing  effective  at  the  ends  of  the  bridge  was 
an  objection. 

The  Dauble-bawstring  or  Lenticular  Truss,  Fig.  no,  has  both   hords  in  the  form  of  a  parabola 
The  floor  may  be  supported  along  the  centre  line  1-17,  or  may  be  hung  below^  along  the  line -45. 


<A  / 


A 


i*lG.    lie. 


In  the  latter  case  a  horizontal  wind-truss  in  the  plane  AB  prevents  the  swaying  of  the  main  truss 
longitudinally.  With  verticals  and  diagonals  as  in  the  figure,  the  horizontal  component  of  the 
chord  stress  is  constant,  for  the  sums  of  the  ordinates  to  two  parabolas  give  the  ordinates  to  a  third 
parabola. 

The  Pegram  Truss,  Fig.  in,  has  several  claims  to  economy  and  general  excellence  of  design. 
Each  chord  consists  of  panels  of  equal  length,  the  upper  chord  panels  being  shorter  than  the  lower. 
The  upper  chord  points  He  in  the  arc  of  a  circle,  the  chord  of  which,  2-16,  is  made  about  one 
and  one-third  to  one  and  one-half  panel  lengths  shorter  than  the  span.  The  versed  sine  may  hv 
so  taken  that  with  an  economical  centre  height  the  lengths  of  the  posts  will  be  nearly  equal,  or  it 
may  be  so  taken  that  they  will  decrease  in  length  toward  the  ends  where  the  shear  is  great.  In 
a  deck-bridge  the  upper  chord  is  made  straight  and  the  lower  chord  curved.  Having  assumed  the 
chord  and  versed  sine  of  the  circular  arc,  the  coordinates  of  the  joints  are  readily  computed,  each 
chord  section  subtending  the  same  angle  at  the  centre  of  the  circle. 

Example. — Let  us  take  as  an  example  a  200-ft.  through-span,  Fig.  in,  with  seven  panels, 
each  eqtial  to  28.57  ft.  The  coordinates  of  the  upper  panel  points  are  given  in  the  fij^rure.  These 
points  lie  in  a  circular  arc  with  a  chord  of  160  ft.  and  versed  sine  of  15  ft.  Each  top  chord  member 
between  pins  is  23.55  ft.  long  except  the  centre  one,  which  is  i'^  less  or  22.37  ft.  long.     This  is  made 
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shorter  to  enable  the  chord  sections  between  splices  to  be  of  uniform  length,  the  splices  beinjj  towards 
the  end  of  the  truss  from  the  pin-points. 

The  dead  load  we  will  assume  at  875  lbs.  per  foot  per  truss.  The  live  load  we  will  take  at  1800 
lbs.  per  foot  per  truss.  The  dead  panel  load  =  875  X  28.57  =25060  lbs.  Live  panel  load « 1800  X 
28.57  =  51430  lbs.     The  stresses  will  be  found  by  the  graphical  method. 

Dead-load  Stresses. — The  abutment  reaction,  i^p  «3  X  25000  =  75000  lbs.  Laying  off  BA, 
Fig.  113,  equal  to  this,  and  AP,  PQ,  and  QR  each  equal  to  25000  lbs.,  we  draw  the  diagram  for  one-half 
the  truss  as  in  Chap.  H.  The  dotted  diagonals  are  considered  as  not  in  action  for  uniform  load, 
but  in  order  to  get  the  stress  in  the  counter  5-8  or  10- 11  due  to  dead  and  live  load  we  must  here 
draw  the  diagram  first  with  6-7  in  action  and  then  with  5-8  in  action.  The  resulting  compressive 
stress  in  5-8,  G'H'  in  the  diagram,  is  afterwards  combined  with  the  maximum  tension  due  to  live 
load.     The  resulting  stresses  as  scaled  off  from  the  diagram  are  written  along  each  member  in  Fig. 

112,  and  are  marked  **P."     For  a  check  the  stress  in  8-10  is,  by  moments,  equal  to  -^ — \,  '^     — — 

2  X30.72 

"ill  0700  lbs. 
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Fig.  115. 


Live-load  Stresses. — The  stresses  in  the  chords  and  in  1-2  and  2-3  are  a  maximum  for  full  load, 
and  may  therefore  be  obtained  by  multiplying  the  corresponding  dead-load  stresses  by  VW. 

For  a  maximum  in  3-4  and  4-5  all  joints  up  to  5  should  be  loaded.      The  reaction  R^  is  then 

equal  to  — (i  +2  +3 +4 +5)  =  110200  lbs.     Laying  this  off  as  BA-^,  Fig.   112,  we  proceed  to  draw 

7 
the  diagram  as  far  as  piece  4-5  by  the  method  explained  in  Art.  47,  p.  29.     Substituting  the  trianj^le 

1-4-5  ^or  the  original  framework,  we  find  the  stress  in  4-5,  or  EF,  by  drawing  AiE  parallel  to  1-5 

and  BE  parallel  to  4-1 ;  then  EF  parallel  to  4-5  and  BF  parallel  to  4-6 ;  whence  EF  is  the  required 

stress  in  4-5.     To  find  the  stress  in  3-4,  draw  the  diagram  for  joint  4  of  the  original  truss.     This 

diagram  is  BFEDB,  the  portion  BFE  being  already  drawn;  ED  is  the  stress  in  3-4. 

For  a  maximum  in  5-6  and  6-7  all  joints  but  3  and  5  should  bo  loaded.     The  reaction  7?^  = 

&-(i  f-2  +3  -f-4)  =73470  lbs.     Laying  off  BAj  ec^ual  to  this,  we  proceed  as  for  3-4  and  4-5.     Substi- 
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tuting  the  triangle  1-6-7  ^or  the  portion  of  the  truss  to  the  left  of  7,  the  diagram  BA^G  and  thence 
GBH  determines  the  stress  in  6-7,  or  GIL  The  diagram  for  joint  6  is  all  drawn  except  the  line  GF'. 
This  drawn  gives  the  stress  in  the  post  5-6.  The  stresses  in  the  other  web  members  are  found  in 
like  manner.  The  last  loaded  panel  in  each  case  is  indicated  by  the  subscript  to  the  letter  A  in 
the  diagram.     The  stresses  are  given  in  Fig.  112,  marked  *'L.'* 

The  live-load  web  stresses  may  be  otherwise  found  by  diagram  as  explained  in  Art.  83a,  p.  70; 
that  is,  by  assuming  a  reaction  of  1 00000  lbs.,  drawing  the  corresponding  diagram,  and  finding 
the  actual  stresses  from  this  diagram  by  proportion.  Fig.  115  is  such  a  diagram,  with  BA  -» 1 00000 
lbs.  by  scale.     The  few  computations  may  be  tabulated  thus: 

LIVE-LOAD  WEB  STRESSES. 


Member. 

Stress  from 
Diagram. 

A*!  -■■  :oOuuo    bs. 

Actual 
Ri  action. 

Actual 
Stress. 

(I) 

(a' 

(3) 

(4) 

3-4 
4-5 

6-7 

■« 

lO-II 

72100 
72500 
67000 
88700 

77500 
I2IOOO 

185000 

I 10200 
110200 
73500 
73500 
44100 
44100 
22000 

79500 
79900 
49200 
65200 
34200 
532cx> 
40700 

Column  (3)  contains  the  actual  reactions  when  the  truss  is  loaded  so  as  to  produce  the  maximum 
stresses  in  the  corresponding  members  of  column  (i).  Column  (4)  is  obtained  by  multiplying  the 
quantities  in  column  (2)  by  those  in  (3)  and  dividing  by  1 00000.  The  resulting  stresses  should  be 
the  same  as  those  found  froin  Fig.  114. 

If  analytical  methods  are  preferred,  the  same  general  methods  are  to  be  used  as  given  in  Arts. 
83  and  84a,  i.e.,  the  chord  stresses  found  by  moments  and  the  web  stresses  by  moments  or  shears. 
In  panel  5-7  the  co.iipression  in  5-8  is  to  be  found  for  dead  load  by  assuming  6-7  as  not  acting,  for 
th-j  sa::i3  reason  as  given  in  the  above  analysis.* 

The  Petit  Truss ^  shown  in  Fig.  1 16,  is  the  standard  form  for  very  long  spans.  It  is  very  similar 
to  the  Baltimore  truss,  the  only  diflFerence  being  in  the  inclined  upper  chord,  which  is  a  more  eco- 
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Fig.  116. 


nomical  arrangement  for  long  spans.  Usually  also  the  subpaneling  does  not  extend  to  the  end 
of  the  bridge,  as  the  height  at  that  point  does  not  require  it.  The  pieces  shown  by  dotted  lines 
serve  merely  to  support  the  chords  and  posts  at  intermediate  points,  and  form  no  part  of  the  truss 
proper.  The  vertical  ones  may  be  designed  to  carry  the  weight  of  the  upper  chord ;  the  horizontal 
ones  have  no  definite  load  and  arc  made  of  uniform  size,  sufficiently  strong  to  resist  in  either  direc- 
tion the  buckling  of  the  posts.  Omitting  these  membeis,  the  analysis  offers  no  special  difficulties, 
as  the  variation  from  the  Baltimore  truss  due  to  inclined  chords  is  easily  taken  into  account. 

Fig.  116  shows  the  use  of  substruts.     The  more  common  arrangement,  however,  is  to  use 
subties  running  to  the  upper  chord  joints  as  shown  in  Fig.  117. 


»  For  a  full  description  of  the  Pegram  truss,  see  Engineering  News^  Dec.   10  and   17,   1887.      For  illustrations  of 
details  of  three  such  trusses,  including  the  one  above  analyzed,  see  Engineering  News,  Feb.  14,  1891. 
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Fig.  117. 


In  Fig.  117  the  inclination  of  a' 6  is  not  equal  to  that  of  4a',  and  it  follows  that  the  vertical 

component  in  a'6  is  not  exactly  one-half  the  load  at  o. 
The  actual  stress  can  readily  be  found  by  a  diagram 
of  joint  a',  but  algebraically  it  is  best  found  by  the 
use  of  a  moment  equation.  Let  Fig.  118  represent* 
the  forces  acting  on  the  joint  a',  and  let  5  be  the 
desired  stress.  Let  P= stress  in  a'a= load  at  a.  Re- 
place S  by  its  components  applied  at  point  6,  and 
take  moments  about  7-    We  have  at  once 


Fig.  118. 


5.«-^    and    5«5,^  =  _, 


where  /=  length  of  a'6  and  d^  panel  length.  This  easily  obtained  result  is  a  good  illustration  of 
the  usefulness  of  the  moment  equation  for  concurrent  forces  and  of  the  de\dce  of  substituting 
for  an  inclined  force  its  components  applied  at  a  convenient  point. 

Double  Systems, — In  double-intersection  trusses  with  curved  upper  chords  each  truss  system 
is  affected  by  loads  on  the  other  system,  owing  to  the  uplifting  force  at  each  angle  of  the  upper 
chord.  The  systems  are,  as  a  result,  not  so  independent  as  in  the  horizontal  chord  trusses  and 
the  errors  of  calculation  are  greater.  The  same  general  methods  of  calculation  are  used  as  in 
the  double  systems  already  discussed.  In  getting  web  stresses  the  chord  members  are  assumed 
as  straight  between  successive  joints  of  the  same  system. 

SKEW-BRIDGES. 

86.  Skew-bridges  are  those  in  which  one  or  both  end -supports  of  one  truss  are  not  directly 
opposite  to  those  of  the  other.     Fig.  120  is  a  plan  and  Figs.  119  and  i!ji  are  elevations  of  the  two 

trusses  of  such  a  bridge.  The  intermediate  panel 
points  are  usually  placed  opposite  in  the  two  trusses, 
so  that  all  floor-beams  are  at  right  angles  to  the  line 
of  the  truss.  Where  the  skew  is  not  exactiy  one  panel, 
as  at  the  left  end,  it  is  necessary  to  move  the  point  K 
^iG.  119.  backward  and   K'  forward  in  order  that  AKK'A^ 


may  be  a  plane  figure.  The  hip  verticals  are  thus  slightly  inclined,  and  loads  at  their  bases 
will  affect  the  lower  chords  directly. 

In  the  analysis,  each  truss  must  be  treated  separately  unless  the  skew  is  the  same  at  each 
end  and  the  trusses  therefore  symmetrical.  As  far  as  the  load  on  the  trusses  is  concerned,  it 
may  be  assumed  as  applied  along  the  centre  line  XY,     A  full  floor-beam  load  is  equal  to  one 

I)anel   load  except   for  GH'  and  BB'.     In  the  former  case  it  is    pdX—  and  in  the  latter 

^        2 
ac 
/^^X— .    All  floor-beam  loads  arc  divided  equally  between  the  trusses.    For  any  particular 

loading  it  will  be  necessar\^  to  compute  actual  joint  loads  according  to  the  above  principles, 
since  in  no  case  are  they  the  same  as  would  be  the  case  in  a  square  bridge.  With  the  jomt 
loads  computed  the  analysis  is  simple. 
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86a.  The  Ferris  Wheel. — Problem  :  To  find  the  stresses  in  the  rim  and  spokes  of  a  wheel  supported 
at  the  centre  and  loaded  with  equal  loads,  W,  placed  at  each  of  the  joints  of  the  rim. 

Let  there  be  36  segments  as  in  the  well-known  Ferris 
wheel :  let  r  =  radius  and  a  =  angle  between  consecutive 
spokes,  =  10^.    We  will  consider  two  cases : 

1st.  When  the  spokes  are  rods  capable  of  resisting  tension 
only, — In  this  case  it  will  be  assumed  that  the  spokes  have 
such  initial  tension  in  them  that  when  the  loads  are  applied 
all  will  still  be  in  tension  except  the  spoke  a,  whose  stress  will 
be  reduced  just  to  zero. 

Let  Si,  St,  etc.,  be  the  stresses  in  segments  i,  2,  etc.,  of 
the  rim,  and  Sa,  S^,  etc,  be  the  stresses  in  spokes  a,  b,  etc. 
Treating  the  joint  at  the  top  of  the  wheel  as  free  and  remember  • 

cc 
ing  that  Sa  =  o,  we  have  (5i  +  SUi  sin ^  =  o»  or  since 

S\  =  5iif ,  Sx  s=  —  cosec  -.    The  stress  in  any  other  segment, 

22 

as  S% ,  may  be  found  by  passing  the  section  pq,  treating  the 

portion  to  the  right  and  taking  moments  about  the  centre  of 

the  wheel.     This  gives 


Flio.  isia. — ^Thb  Ferris  Whsbu 


StT  =  Sir  +  Wr  sin  a  +  Wr  sin  2a  +  •  •  •  +  Wr  sin  7a,* 


hence  5«  =  wi^  cosec  —  +  sin  a  +  sin  2a  +  .  •  .  +  sin  jaY 

The  segment  having  the  greatest  stress  is  No.  18,  and  the  value  of  this  stress  is 

Si^  5=  w{\  cosec  —  +  sin  a  +  sin  2a  +  .  .  .  +  sin  17a]  =  17.16  JF, 

a 
The  tension  in  any  spoke,  as  h,  is  Su  =s  {Sn  +  S^  sin  *-  -*  ^cos  fi,  where  fi  is  the  inclination  of  spoke  h  to 

z 


a 


the  vertical.    The  spoke  having  the  maximum  tension  is  /  and  its  stress  is  St  s=  (5ia  +  Si^  sin  —  +  ^=s  4 IV, 

The  initial  tension  required  to  produce  the  conditions  assumed  above  is  2  ^  in  each  spoke,  as  may  be 
proved  thus :  By  symmetry,  if  we  apply  loads  of  W  upwards,  the  tension  in  a  will  be  4fV  and  the  stress  in 
/  will  be  zero;  hence  if  we  apply  loads  of  W  both  upwards  and  downwards  (equivalent  to  removing  all  loads) 
the  stresses  in  a  and  /  will  be  means  between  these  caused  by  the  extremes  of  load,  or  the  stress  in  both  a 
and  /  will  bt  2IV,  and  hence  2lV\n  ail  other  spokes. 

2d.   IVhen  the  spokes  are  stiff  members  and  put  in  without  initial  stress, — The  tension  in  any  spoke  will 

in  this  case  evidently  be  the  same  as  in  the  first  case,  minus  the  initial  tension  of  2  W\  that  is,  the  stress  in 

a  will  be  2  ^  compression  and  that  in  /  will  he  2 IV  tension.    The  stress  in  any  segment  of  the  rim  is  the 

same  as  in  the  first  case,  minus  the  stress  caused  by  the  initial  tension  of  2  ^  in  the  spokes,  or  minus 

a  W  a 

IV  cosec  —.    The  stress  in  segment  i  will  then  be  —  cosec  —  =  11.48  ^  tension,  and  the  stress  1.1  s^;ment 

18  will  be  5it  =:  frf  —  i  cosec  -  +  sin  a  +  sin  2a  +  .  .  .  +  sin  I7aj  =  (17.16  —  1 1.48)  W  =  5.68  W compres- 
sion. The  above  are  the  maximum  and  minimum  stresses  occurring  in  the  spokes  and  rim  for  this  case. 
The  wind  stresses  are  readily  obtained,  since  each  joint  is  supported  separately  by  diagonals  from  the  axle. 

*  Since  there  are  36  segments  of  this  wheel,  or  a  =  10*  and  —  =  5°,  it  is  here  assumed  that  the  length  of  the 

radius  is  the  distance  from  the  centre  to  the  joint  and  also  to  the  middle  of  the  rim-segment.  In  other  words,  it  is 
assumed  cos  5**  =  i,  which  involves  an  error  of  f  of  one  per  cent. 
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CHAPTER  V. 
ANALYSIS  OF  BRIDGE-TRUSSES  FOR  WHEEI^LOADS. 

87.  The  preceding  chapter  has  treated  all  live  loads  as  uniformly  distributed.  While  this 
method  of  treatment  is  in  general  use  for  highway  bridges  and  to  some  extent  for  railway  bridges, 
it  has  become  the  general  practice  in  the  latter  case  to  deal  with  actual  specified  wheel-loads  and 
to  find  the  maximum  stress  in  each  member  due  to  these  loads.  In  highway  bridges  also,  the 
concentrated  load  specified  usually  determines  the  maximum  stresses  in  the  floor-stringers  and 
sometimes  in  the  floor-beams.  It  is  proposed  in  the  following  discussion  to  show  the  method  of 
finding  the  position  of  any  given  system  of  wheel-loads  which  will  give  the  maximum  stress  in  any 
member,  and  also  how  to  find  such  stress. 


DERIVATION  OF  FORMULAE. 
PLATE  GIRDERS.      TRUSSES  WITH  PARALLEL  CHORDS  AND  VERTICAL  WEB-BRACING. 

88.  Influence  Lines:  Definition  and  Construction.>i< — ^A  curve  representing  the  variation 
of  moment,  shear,  panel  load,  stress,  or  any  similar  function,  at  a  particular  point  in  a  structure 
or  in  any  particular  member,  due  to  a  load  unity  moving  over  the  structure,  is  called  an  influence 
line.  The  difference  between  an  influence  line  and  an  ordinary  moment  or  shear  curve  is  that 
the  former  represents  the  variation  in  the  function  for  a  particular  point,  due  to  a  moving  load, 
while  the  latter  represents  the  variation  in  the  function  along  the  structure  due  to  some  fixed  load. 

The  equation  of  the  influence  line  for  any  function  may  be  derived  by  writing  out  the  value 
of  the  function  for  a  load  unity  when  placed  at  a  variable  distance  x  from  one  end  of  the  structure 
taken  as  the  origin.  In  any  jointed  structure  where  the  moving  load  unity  is  first  transferred  by 
secondary  members  (stringers)  to  the  two  adjacent  joints,  the  value  of  any  function  must  vary 
at  a  uniform  rate  as  the  load  moves  from  one  joint  to  the  next,  because  the  two  resulting  joint 
loads  acting  upon  the  structure  vary  at  a  uniform  rate,  the  one  increasing  and  the  other  decreasing. 
The  influence  line  for  any  such  structure  will  therefore  be  straight  between  successive  joints,  and 
it  can  always  be  constructed  by  calculating  the  value  of  the  function  for  a  load  unity  placed  at 
each  loaded  joint  in  turn.  In  all  the  cases  here  considert*d  it  is  necessary  to  calculate  the  value 
at  two  or  three  critical  points  only.  Influence  lines  are  particularly  useful  in  representing  graphi- 
cally the  influence  upon  the  value  of  any  function  of  the  loads  on  the  different  parts  of  a  structure 
and  the  effect  of  moving  those  loads  in  either  direction.  In  structures  whose  analysis  is  difficult 
they  are  also  very  useful  in  the  actual  calculation  of  stresses.  In  the  following  articles,  in  which 
certain  moments,  shears,  etc.,  are  investigated,  the  influence  line  is  first  drawn,  and  from  this  is 

♦For  a  more  detailed  discussutn  of  influence  lines  than  here  given,  see  a  p:ipcr  on  Stresses  in  Bridges  for  Cotuentratea 
I^ads  by  Prof.  G  F.  Swain,  Trans.  Am.  Soc.  C.  £.,  July,  1887,  from  which  much  has  been  drawn  in  the  following 
discussion. 
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derived  the  general  rule  or  criterion  for  the  position  of  a  series  of  concentrated  loads  which  will 
cause  the  value  of  such  function  to  be  a  maximum.  The  direct  algebraic  method  of  deriving  such 
criterion  is  also  given  in  some  cases.  It  is  a  briefer  method  for  the  simpler  problems,  but  the  use 
of  influence  lines  leads^  to  a  better  appreciation  of  the  effect  of  moving  loads  and  is  almost 
necessary  in  the  case  of  the  more  complex  structures. 


Bending  Moment. 

89.  Influence  Line  for  Bending  Moment  in  a  Beam,  or  at  any  Joint  of  the  Loaded 
Chord  of  a  Truss — Let  C,  Fig.  122,  be*  the  point  at  a  fixed  distance  a  from  the  left  end* 

and  let  ;c=the   distance   from  the  load   unity   to  the 
right  end.     Then  we  have,  when  P  is  to  the  right  of  C, 

X  CLX 

moment    at    C  «=  Pj  X  d  ==  ^{Pf  or  i).    This  is  the 

equation  of  the  straight  line  -B'J9,  where  the  ordinate 
a(l—a) 


o|Pi 


C'P  = 


/ 


Xi-      Likewise   when   P   is   to     the   left 


of  C  the  moment  at  C  is  represented  by  ordinates  to 
the  line  A^D,  Then  A'DB'  is  the  influence  line  for 
moment  at  C 

The  moment  at  C  due  to  a  load  P^,  at  any  point 
O,  is  equal  to  the  ordinate  y,  under  the  load,  multiplied  by  the  load;  for  the  ordinate  y  is  equal 
to  the  moment  due  to  unity  load.  The  moment  at  C  due  to  any  number  of  loads  may  thus  be 
found  by  multiplying  each  load  by  its  corresponding  ordinate  and  adding  the  products. 

The  moment  at  C  due  to  any  length  of  uniform  load  of  p  per  unit  length  is  equal  to 
the  area  between  the  extreme  ordinates  multiplied  by  p.  For  the  moment  due  to  an  element,  pdXf 
of  lodLd  =  pdxyy  where  y  is  the  ordinate  under  the  load;    and  integrating  between  the  limiting 

values  of  x  (xi^  and  X2)  we  have:  total  moment =^/'*V^=/^X area  EFHK.    The  moment  due 
to  a  full  uniform  load  =  area  A'B'DXp. 

90.  Position  of  Moving  Loads  for  a  Maximum  Bending  Moment  in  a  Beam  or 
at  any  Joint  of  the  Loaded  Chord  of  a  Truss. — Let  A'DB'y  Fig.  123,  be  the  influence  line 
for  moment  at  C. 

(o)  Unijarm  Load. — The  maximum  moment  due 
to  a  moving  uniform  load  evidently  occurs  when  the 
load  extends  from  A  to  J3,  and  is  equal  to  the  area  A^DB' 
multiplied  by  />,  where  ^=load  per  unit  length. 

Area  A'DB'  =  HX^^^j^'^  ia(/-  a). 


Whence  the  maximum  moment==— a(/— a). 


(I) 


(6)  Single  Concentrated  Load. — Since  the  moment  at 

C  due  to  any  load  P=>Pyy  this  moment  is  a  maximum 

a(l — a) 
when  the  load  is  at  C  and  is.  equal  to  P^i — -• 

(c)  Two  Equal  Loads.— For  two  equal  loads,  P,  a  fixed  distance,  d,  apart,  the  moment  is 


— ■ — » — ^^ 
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evidently  a  maximum  when  one  load  is  at  the  point  and  the  other  is  on  the  longer  segment  of 
the  beam,  for  then  y+/  is  a  maximum.    This  maximum  moment  is  equal  to 

^\    I     +"T^X"J3^/^^       I        •   •    (2) 

The  above  results  for  the  three  spedal  loadings  (a),  (6),  and  (c)  have  been  derived  in 
Chap.  IV,  though  in  a  different  manner. 

(d)  Any  Number  of  Loads.— Let  G^,  Fig.  123,  represent  the  sum  of  all  the  loads  between  A 

and  C  for  any  particular  position  of  the  loading,  and  let  this  single  force  be  applied  at  the  centre 

of  gravity  of  these  loads.     In  a  similar  manner  let  Gi  replace  the  loads  on  the  right  of  C.     Now 

since  G^  has  the  same  effect  upon  the  abutment  reaction  at  B  as  do  the  loads  which  it  replaces 

it  follows  that  it  has  the  same  effect  upon  the  moment  at  C  as  do  these  loads.    Likewise  for  G,. 

Hence  the  moment  at  C  due  to  our  given  system  is 

^M      ^  ^  J  G^  G,\ 

^  =  G,  tan  «.-(?.  tan  a.  =  C'Z\^v^7-;;47gv; (3) 

For  a  maximum  value  of  M,  -s—  or  Tv-i;  —  "777^/  must  change  from  positive  to  nega- 
tive, that  is,  must  pass  through  zero,  as  the  loads  are  moved  to  the  left.  The  values  of  G, 
and  Gj  can  change  only  when  a  load  passes  A^  C,  or  B,  A  load  passing  A  decreases  G^  and  a 
load  passing  B  increases  G, ,  but  a  load  passing  C  increases  G,  and  decreases  G, ;  therefore  it 

G  G 

is  only  by  this  last  method  that  y^f  —  "TT^  ^^^  ^^  changed  from  positive  to  negative  and 

the  moment  made  a  maximum.     For  a  maximum  moment,  then,  a  load  should  be  at  C  such 

G  G 

that  when  considered  as  part  of  G,  the  expression  "T^Tn?  —  "JTT^  ^s  positive,  and  when  con- 

sidered  as  part  of  G^  this  expression  is  negative.     Or,  stated  in  another  way,  when    .,1.,  can 

be  made  equal  to  -^^r^,  by  considering  a  part  of  the  load  as  located  on  one  side  of  C  and  the 

remaining  part  as  located  on  the  other  side.  If  a  distributed  load  is  passing  C  this  condition 
can  be  definitely  satisfied. 

From   the    equality  -^j—  =       '^,  we   have,   by  composition,      %/^  '  =  'jTTv  >  or»   if 

G  =  G,  +  G, ,  we  have 

G^ G_ 

This  is  the  most  convenient  form  of  the  criterion  for  maximum  moment.  Expressed  in 
words  it  is  that  the  average  unit  load  on  the  left  of  the  point  must  6e  equal  to  the  average  ujiit 
load  on  the  whole  span.  The  unit  of  length  may  be  taken  as  a  foot  or  a  panel  length.  The 
latter  is  the  more  convenient  for  trusses  of  equal  panels. 

For  a  given  set  of  wheel-loads  there  are  usually  two  or  more  positions  which  will  satisfy 
this  criterion.  The  moment  for  each  position  must  be  computed  and  the  greatest  value 
taken. 
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It  is  to  be  noted  that  if  the  criterion  is  satisfied  when  a  load  is  at  i4  or  J3,  a  minimum  value 
will  result  instead  of  a  maximum.  Considering  that  the  influence  line  to  the  left  of  -4'  and  to  the 
right  of  B'  is  a  horizontal  line,  it  may  be  stated  in  general  terms  that  a  maximum  value  requires 
a  load  to  be  placed  at  a  point  where  the  angle  in  the  influence  line  is  convex  upwards  and  a  minimum 
where  it  is  concave  upwards.    This  is  a  general  principle  applicable  to  all  cases. 

Direct  Algebraic  Method  of  Deriving  Criterion, — Let  x  represent  the  distance  of  the  centre 
of  gravity  of  all  the  loads,  G,  from  B,  and  x^  the  distance  of  Gj  from  C.  The  moment  at  C  is 
then  equal  to 

If  the  loads  are  advanced  a  distance  dx  towards  the  left,  the  increase  in  moment  will  be 

dM'^Crrdx-Gtdx, 

whence 

This  may  be  interpreted  exactly  as  eq.  (3)  above.  For  a  maximum  we  therefore  have,  as  m 
eq-  (4), 

I     a* 

91.  The  Point  of  Greatest  Moment  in  a  Beam. — Imagine  a  series  of  concentrated 
loads  to  be  moving  over  a  beam.  The  bending  moment  which  exists  under  any  given  wheel  will 
vary  as  the  loads  move,  and  will  evidently  be  a  maximum  when  that  wheel  is  in  the  vicinity  of  the 
centre  of  the  beam. 

In  Fig.  124  let  P  be  any  load  in  a  given  series.  Let  G  represent  the  total  load  on  the  beam, 
and  Gi  the  load  to  the  left  of  P.     The  distances  ,         , 

a  and  b  are    independent  of  the  position  of  the                       C     JL 
loads  on  the  beam.    The  moment  under  load  P  is      a i_ 


C 


^ 


G 

*• X H 


I     -  - ' -^- 

M=-G  jQ—a—  x)  -  G16.  Fig.  124. 


.x 


Differentiating  and  equating    to  zero,  we  find  that  for  maximum  moment,  2X^1^ a^  or 

x=l-a-x\ (5) 

that  is,  the  maximum  moment  under  any  load  occurs  when  that  load  and  the  centre  of  gravity  of  the 
series  are  equidistant  front  the  ends  (or  centre)  of  the  beam. 

By  means  of  this  relation  it  is  easy  to  find  the  maximum  moment  under  any  wheel;  and  if 
this  is  done  for  each  of  the  wheels  of  the  series,  the  greatest  of  the  resulting  maxima  will  be  the 
greatest  possible  moment  in  the  beam.  Practically  it  is  necessary  to  find  this  maximum  for  only 
two  or  three  wheels.  To  select  the  wheels  to  test,  find,  by  the  method  explained  in  the  preceding 
article,  the  wheel  or  wheels  which  should  be  placed  at  the  centre  to  give  a  maximum  moment  at 
that  point.  The  ones  so  found  and  those  immediately  adjacent  are  the  ones  to  test  for  maximum 
moment.* 


*  See  page  91  fur  a  numerical  example. 
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Substituting  the  value  of  x  from  eq.  (5)  in  the  expression  for  J/ just  above,  we  have 


M=  G-j  -  GJ?. 


(5^) 


Floor-beam  Concaitration. 

fjl2.  Influence  Line  and  Position  of  Loads  for  Maximum  Floor-beam  Concentration. 

— Let  AB  and  BC^  Fig.  125,  be  two  consecutive  panels  of  any  lengths  d^  and  d^,     A  load  of 
unity  moving  from  C  to  B  produces  a  load  at  8  proportional  to  the  distance  of  the  load  from 


Fig.  126. 


C.  The  line  C'A  with  ordinate  DB'  equal  to  unity,  is  then  the  influence  line  for  floor-beam 
load  at  B  when  the  loads  are  between  C  and  B.  Likewise  DA'  is  the  influence  line  for  loads 
on  the  portion  BA.  The  load  at  B,  produced  by  any  load  P,  is  equal  to  Py;  and  the  load 
produced  by  a  uniform  load  p  per  unit  length  extending  from  ^  to  C  is  equal  to 


p  X  area  A^DC  =  /  X 


rf. +  < 


a  result  evident  by  inspection. 

The  influence  line  in  Fig.  I2S  is  of  the  same  form  as  that  in  Fig.  123,  and  as  the 
criterion  for  maximum  moment  in  no  way  involves  the  length  of  the  ordinate  B'D,  the  same 
criterion  must  hold  good  for  maximum  panel  reaction.  That  is,  tAe  average  unit  loads  on  the 
ttvo  panels  must  be  equal  to  each  other  and  to  the  average  unit  load  on  both.  If  the  panels  are 
equal,  then  the  total  loads  in  the  two  panels  must  be  equal. 

If  A"D"C''  (Fig.  126)  be  the  influence  line  for  moment  at  B  in  a  beam  AC,  of  length 

A.  d 

/,  =  rf,  -[-  ^,,  the  ordinate  I^B*'  will  be  equal  to   ,  _^*y>  and  the  ratio  of  any  two  correspond- 
ing ordinates  y'  and  y  in  Figs.  125   and   126  is  equal  to  the  ratio  of  DB'  to  D"B*'  =• 


I  -5- 


dA        ^i  +  d^ 


Whence  the  floor-beam  reaction  at  B  in  Fig.  125  due  to  any  load  P  is 

rf,  +  rf. 


equal  to  the  moment  at  B^  Fig.  126,  due  to  the  same  load,  multiplied  by  '^'  '  "  \     Moreover, 

since  the  maximum  floor-beam  concentration  occurs  tor  the  same  position  of  the  loads  as  does 
the  maximum  moment,  we  have  only  to  find  the  maximum  moment  in  a  beam  of  length  equal 

to  d.  '\-  d^^X.  a  distance  d^  from  one  end  and  multiply  this  moment  by  -^-j-j--  and  we  shall 

a  a„ 

have  the  maximum  floor-beam  concentration  for  panel  lengths  of  d,  and  ^,.     If  d^  =  d^=^  dj 

2 


the  factor  is 


fi' 


>. 
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Shear. 


93.  Influence  Line  and  Position  of  Loads  for  Maximum  Shear  at  any  Point  in  a 
Beam. — The  shear  at   C  in  the  beam  AB,  Fig.  127, 
due  to  a  load  unity  moving   from  B  towards  A  in- 


creases from  zero  for  the  load  at  -ff  to  + 


/—  a 


for  the 


load  just  to  the  right  of  C.    As  the  load  passes  C  the 

a 

shear  becomes  — -j  and  increases  to  zero  at  A.    Any 

movement  of  loads  to  the  left,  therefore,  increases  the 
positive  shear  at  C  until  some  load  P  passes  C,  when 
the  shear  is  suddenly  decreased  by  an  amount  equal  to  ' 

— -J 1-  - j  =  /I     Fpr  concentrated  loads,  therefore,  the  shear  reaches  a  maximum  each 

time  a  load  reaches  C,     The  greatest  of  these  maximum  values  evidently  occurs  when  one  of 

the  wheels  near  the  head  of  the  train  is  just  to  the  right  of  C. 

To  determine  which  of  two  consecutive  wheels,  /\  and  P,,  causes  the  greater  shear  when 

placed  just  to  the  right  of  C,  let  b  be  the  distance  between  these  wheels,  and  G'  the  tot.il  load 

on  the  beam  when  P^  is  at  C,     Let  the  loads  advance  a  distance  b  from  this  position,  thus 

bringing  P^  at  C     The  effect  upon  the  shear  is  first  to  decrease  it  suddenly  by  an  amount  /*, , 

Gb 
and  then  to  increase  it  gradually  by  an  amount  equal  to  G'b  tan  «,  =  -^.     The  total  increase 

is  therefore  —. P, .     According  as  this  expression  is  negative  or  positive  will  wheels  /\  or 

G'      P 
/*,  jTJve  the  greater  shear.      For  equal  shear,  -~     ' (6) 

The  slight  increase  in  shear  due  to  additional  loads  that  may  come  upon  the  beam  from 

the  right  has  been  neglected.     If  6^"be  the  total  load  011  the  beam  when  P^  is  at  C,  then  the 

G'b                   G"b  •* 

increase   in   shear  will  be   somewhere  between  — r-  —  /*,  and  —, /^.    When   the   former 

expression  is  negative  and  the  latter  positive,  then  both  positions  should  be  tried.     This  will 

occur  only  for  a  short  distance,  to  the  left  of  which  both  are  positive  and  to  the  right  both 

are  negative. 

94.  Influence  Line  and  Position  of  Loads  for  Maximum  Shear  in  any  Panel  of  a 

Truss. — Let  AB^  Fig.  128,  be  any  truss  and  FC  any  panel.  Let  n  =  total  nuniber  of  pan- 
els, m  =  number  on  the  left  of  C,  and  m'  the 
number  on  the  right.  Then  m'=:n  —  m.  The 
shear  in  FC  for  a  load  unity  moving  from  B  to 
C  will  be  equal  to  the  left  abutment  reaction 

m' 
and  will  increase  from  zero  at  B  to   —  at  C. 

n 

For  the  same  load  moving  from  F  to  A  the 
shear  is  negative  and  equal  to  the  right  abut- 
ment reaction,  thus   increasing  from  a  value 

at  Fto  zero  at  A,     Between  Cand  F 

F        8  ^ 

'°'  "  '  the  load  is  carried  to  these  two  points  by  the 

fk  Of. stringer,  the  amount  transferred  to  each  being  proportional  to  the  distance  of  the  load 
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from  the  other.     The  shear  thus  varies  uniformly  and  the  influence  line  for  this  portioh  is 
the  straight  line  DK,  giving  the  complete  influence  line  A'KDB'. 

For  a  maximum  positive  shear  due  to  a  single  load  the  load  should  evidently  be  placed 
at  C.  A  uniform  load  will  give  the  maximum  positive  shear  when  extending  from  B'  to  By 
and  the  shear  will  then  be  equal  to/  X  area  EDB'.     Now  EC  :  DC'::  PC  :  DC  +  F'K, 

whence  EC  =  ~x  dx  —7—. =   ,   a   result  already  found   in  Art.  69.      The 

n  w'  +  w— I       «— i'        .  ^ 

shear  =/  X  area  EDB'  =/  X X  [^'d-^-— — 1  =  -pd-. — — — r,  the  same  as  eq.  17  (a), 

page  51. 

For  concentrated  loads,  let  G^  represent  the  portion  from  A  to  F,  G^  that  in  the  panel 
FC^  G^  that  on  the  right  of  C,  and  G  the  total  load.  The  total  shear  is  represented  by  5  = 
G^y^  +  G^y^  —  G^^.     Then,  as  in  Art.  90,  moving  the  loads  to  the  left;  a  distance  6x^  sub- 

tracting  the  original  value,  and  dividing  by  dx^  we  have  —  =  G^  tan  o',— G^.tan  a^  +  <r,  tan  a^. 
Equating  to  zero  and  reducing,  we  have  finally,  for  maximum  shear, 

g.  +  g,  +  g.       G  f^. 

Algebraically  this  may  be  readily  derived  as  follows : 

Let  X  =  distance  from  G  to  point  B,  and  x^  the  distance  from  G^  to  point  C.     Then  the 

X  X 

shear  5  =  Gj  —  G^-^  "~  ^i-     Differentiating  this  as  in  Art.  90,  we  have 


and  hence  for  maximum 


£5  _  ^  _  C, 
dx  ^  I        d' 


G       G  C 

J  ^-jf      or     -J  =  <?if     as  in  eq.  (7). 


That  is,  far  a  maximum  shear  in  any  panel  the  load  in  the  panel  must  he  equal  to  the  load  on  the 
truss  divided  by  the  number  of  panels.     The  only  way  -5—  can  be  made  zero  by  passing  from 

positive  to  negative,  and  so  giving  a  maximum  and  not  a  minimum  as  the  loads  are  moved  to 
the  left,  is  by  a  load  passing  C  or  ^.  Rut  for  the  greatest  positive  shear  there  should  as  a  rule 
be  no  loads  on  the  portion  AF,  Hence  the  maximum  shear  will  occur  with  some  wheel  near 
the  head  of  the  train  at  C,  such  as  will  satisfy  the  above  criterion. 

Since  a  wheel  passing  C  causes  a  large  relative  increase  in  <r,,  it  will  be  found  that  the 
maximum  shears  in  several  panels  will  occur  with  the  same  wheel  at  the  panel  point  to  the 
right.  To  find  for  what  panels  any  particular  wheel  P  placed  at  the  panel  point  to  the  right 
will  give  a  maximum  shear,  let  (7,  represent  the  wheels  in  the  panel  other  than  the  wheel  P, 
Then  if  -Pat  the  right-hand  panel  point  gives  a  maximum,  the  criterion  requires  that  G  >  nG^ 
and  <  n{G^  +  -P)-  Wheel  Pat  the  right-hand  panel  point  will  then  giye  a  maximum  so  long 
as  the  entire  load  upon  the  bridge  lies  between  nG^  and  n{G^  -f-  P). 

COMPUTATION  OF  STRESSES.      PLATE  GIRDERS.      TRUSSES   WITH   PARALLEL  CHORDS  AND 

VERTICAL  WEB   BRACING. 

95.  Wheel-load  Tabulation. — Fig.  129  gives  a  convenient  form  of  tabulation  of 
moments,  loads,  and  spacing  for  a  set  of  engine  loads.  This  particular  loading,  known'as 
Cooper's   Class   *•  Extra   Heavy  A,"  was  formerly  much  used.^lt  has  now  been  superseded 

/ 


^ 


I 


/ 


SRWGE-TSUSSES—A/fAZYSrS  FOR   WHEEL-LOADS. 


87 


il< 


by  the  conventional  loadings  described  and  tab- 
ulated in  Chapter  VI,  It  corresponds  closely  with 
the  new  £-30  standard. 

All  loads  are  given  in  thousands  of  pounds  and 
all  moments  in  thousands  of  foot-pounds.  The 
loads  given  are  one  half  the  total  loads,  being  those  on 
one  rail  All  distances  are  given  in  feet  and  tenths, 
instead  of  feet  and  mches  as  in  Cooper's  specifications. 

The  various  horizontal  columns  contain  the 
following  data,  beginning  at  the  top : 

1.  Summation  of  loads  from  right  end. 

2.  Summation  of  loads  from  left  end. 

3.  Distance  between  wheels. 

4.  Summation  of  distances  from  left  end. 

5.  Summation  of  distances  from  right  end. 

6  to  15.  Summation  of  moments  about  the  wheel 
vertically  over  the  step  in  the  heavy  stepped  line. 

The  weight  on  each  wheel  is  given  in  heavy 
figures  on  the  respective  wheels  and  is  in  thousands 
of  pounds.  The  figure  in  the  small  circle  is  the 
number  of  the  wheel  from  the  left  end. 

96.  Application  of  the  Foregoing  Principles 
to  a  Pratt  Truss. — Let  us  take  a  truss  of  200  ft. 
span  with  eight  panels  and  a  height  of  32  ft.,  Fig. 
13(1     Live  load  only  will  be  considered  here. 

'  Chord  Stresses, 

The  maximum  moments  at  b,  c,  d,  and  e  di- 
vided  by  32  ft.  will  give   us  the  maximum  chord 


ii 


Fig.  130. 


stresses.  These  maximum  moments  will  now  be 
found  by  the  aid  of  the  diagram  Fig.  129.  The 
criterion  for  maximum  moment  is  that  the  average 
load  per  unit  length  on  the  left  must  equal  the 
average  load  per  unit  length  on  the  whole  bridge, 
A  panel  length  will  be  taken  as  the  unit 

1st.  Moment  at  b. — It  is  evident  that,  in  gen- 
eral, the  bridge  should  be  loaded  with  the  heaviest 
possible  load,  and  that  heavy  concentrations  will 
have  the  most  effect  when  near  the  point  of  mo- 
ments. 

Let  us  try  wheel  2  at  b.  The  bridge  will 
extend  175  ft.  to  the  right  of  2,  and  hence 
175  —949,  —  80,1  ft.,  of  uniform  16ad  will  be  on 
the  bridge.      Total  load   then  =  G  =  208  -f-  80. 1 
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X  1.5  =^  328.1,  and  -.  =  ^Y'  =  41.    Load  to  the  left  divided  by  tf*,  =  ^  =  j  »  =  i^f  con- 
sidering  wheel  2  as  on  the  right ;  or  =  23,  considering  wheel  2  as  on  the  left.    Since  both  these 

Q 

values  of  G,  are  less  than  — : ,  the  moment  at  b  will  be  increased  by  moving  the  loads  to  the 
^  at 

left. 

Try  wheel  3  at  b. 

G      3o8+(i7S-8»i)i.S  ^^, 
a/-'  8  -4^1. 

G,     23      38 

and  hence  the  moment  will  be  increased  by  moving  the  loads  to  the  left. 
Try  wheel  4  at  b. 

G  _  208 +  (175-84.6)1.5  _  ^^ 
M~  8  ~  ^^ 

^.  _  38  .    53 

One  of  these  values  being  less  and  the  other  greater  than  — . ,  wheel  4  at  i  gives  a  maximum 

moment. 

To  find  this  moment,  get  first  the  abutment  reaction  at  a.  Line  6  gives  the  moment  of 
the  wheels  about  the  point  19  at  the  left  end  of  the  uniform  train  load.  It  is  1 1233.  The  right 
abutment  is  175  —  84.6,  =  90.4  ft.,  to  the  right  of  19.     Hence  the  total  moment  of  the  load 

about  the  right  abutment  is  11233  +  208  X  904  +  "^ ~ —       =  36168.      Left  abutment 

36168       ,,  ^  ,  ,  .        ,         ,        36168  36168  ^, 

reaction  =  -^ .     Moment  of  left  reaction  about  0  =  -r— —  x  25  =  — ^—  =  4521.    The 

o  X  25  o  X  25  o 

moment  of  the  wheel-loads  to  the  left  of  b  about  b  is  given  in  line  12  between  wheels  10  and 
II,  and  is  to  be  subtracted  from  the  moment  of  the  abutment  reaction.  Hence,  moment  at 
b  =  4521  —  369  =  4152,  thousand  ft.-lbs. 

G 

Let   us  see  if  there  are  other  maximum  values.    With  wheel  5  at  ^,  —  =  43,8  and 

o 

C  =  53  to  68,  thus  showing  that  this  position  does  not  give  a  maximum.     As  the  loads  are 

Q 

moved  farther  to  the  left,  G^  will  be  made  less  than  -r-  by  some  wheel  passing  ^i,  but  this  causes 

o 

a  minimum,  not  a  maximum.    As  the  loads  are  moved  still  farther,  (7,  will  again  be  made 

Q 

greater  than  — -  by  some  heavy  wheel  1 1,  12,  or  13  passing  b.     This  will  give  other  maxima, 

o 

but  not  so  great  as  that  found  above,  since  now  we  have  a  uniform  train-load  on  the  right,  in 
place  of  heavy  engine-loads.     The  actual  moments  for  wheels  ii,  12  and  13  at  b  are  3802, 
3923,  and  3801,  respectively.     Wheel  4  at  ^  therefore  gives  the  greatest  possible  moment, 
'^d.  Moment  at  c. — Try  wheel  6  at  c. 

G      208 +  (150 -73)1.5 

^  = 8 =404, 

<^i      68       77  ^      „ 

— -  =  —  to  ^  =  34  to  38.     Hence  no  maximum. 

ac       2        2       ^^      ^ 


I  ^     ■   M      P       TT 
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Wheel  7  at  ^r. 


G^       208 +  (150-68.2)1.5 


*r. 


at 


8 


=  4l.3> 


^,      71      86 

— '  =  -'-^  to  —  =  38  to  43. 

ac       2        2       ^        ^^ 

Hence  wheel  7  gives  a  maximum  moment  at  c.     Wheel  8  is  found  to  give  no  maximum,  and 
hence  wheel  7  gives  the  greatest  possible  moment. 


Moment  at  ^  = 


1 1233  +208X  81.8  + 


1.5  X  (81.8)* 


8 


X  2  —  146a  I  =  6857.4. 


3d.  Moment  at  d, — Wheels  11  and  12  are  found  to  give  maximum  moments.  The  corre- 
sponding moments  are  8530.5  and  8536.0. 

4th.  Moment  at  e, — Wheels  13  and  14  at  e  give  maxima.  The  corresponding  moments  are 
9029.0  and  9030.9. 

We  have,  then,  by  dividing  the  moments  by  32,  the  following 

LIVE   LOAD   CHORD   STRESSES.* 


Point. 

Max.  Moment. 

Pieces. 

Stresses. 

b 

4152 

abc 

129.8 

c 

6857 

cd  and  BC 

214.3 

d 

8536 

de  and  CD 

266.8 

e 

9031 

DE 

282.2 

Web  Stresses, 

The  maximum  stresses  in  all  the  web  members  except  bB  and  kH  result  directly  from 
the  maximum  shears  in  the  various  panels.  Those  in  bB  and  hH  are  equal  to  the  maximum 
panel  load,  which  will  be  found  below.  The  criterion  for  maximum  shear  is  that  the  total  load 
divided  by  the  total  number  of  panels  must  equal  the  load  in  the  paftel, 

1st.  Shear  in  ab. — For  this  panel  the  criterion  for  shear  is  the  same  as  for  moment  at  b^ 
hence  the  same  position  will  give  a  maximum  in  both  cases.  Wheel  4  is  at  b.  Shear  =  abut- 
ment reaction  minus  panel  load  at  a.    This  abutment  reaction  was  found  to  be^— —  =  180.8. 

o  X  25 

The  panel  load  at  a  is  obtained  by  finding  the  moment  of  the  wheels  i,  2,  and  3  about  b  and 

dividing  by  the  panel  length.     This  moment  is  given  in  line  12  between  wheels  10  and  ii  and 

369.2 
is  equal  to  369.2.     Whence  shear  =  180.8  — =  166.0. 

2d.  Shear  in  be.— Try  wheel  3  at  c.  Total  load  on  the  bridge  =  G=  208  +  (150  —  89.1)1.5 
=  299.3.     -^  =  37.4.     The  load  in  the  panel  =  (?,  =  23  or  38.     Hence  wheel  3  at  ^  gives  a 

o 

maximum.     Shear  =  abutment  reaction  minus  load  at  b 


1 1233.0+  208  X  60.9  + 


L5  X  (60.9)' 


200 


198.2 
-  -^  =  1334  -  7-9  =  125.5. 


*  The   calculation   oi   the   stress   in  the  lower  chord  of  ihe  centre  panel  of  a   truss  with  an  odd  number  of 
panels  requires  special  consideration.     See  p.  lot  for  an  examplei 
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Try  wheel  4  at  c. 


Shear  = 


G      208 +  (150 -84.6)  1.5  _ 

g  -  g         -     —  -  38.3, 

G^  =  38  to  53^     Hence  wheel  4  gives  a  maximum. 

1.5  X  (65.4)' 

2  369.2 


1 1236.2  +  208  X  65.4  + 


200 


25 


=  1254. 


As  the  loads  are  moved  still  farther  to  the  left,  (7,  becomes  greater  than  -r-;  it  is  then 

made  less  by  some  wheel  passing  i,  thus  giving  a  minimum,  and  is  again  made  greater  by 
some  wheel  11,  12,  or  13  passing  c^  thus  giving  another  maximum.  Such  a  maximum  is 
evidently  much  less  than  that  found  above. 

3d.  Shear  in  cd, — Wheel  S  3it  d  gives  the  only  maximum  value.     Shear  =  go^ 
4th.  Shear  in  de, — Wheel  3  at  ^  gives  the  only  maximum,  the  value  of  which  is  60.1. 
5th.  Shear  in  ef, — Wheels  2  and  3  give  maxima.     With  wheel  2  at/,  the  end  of  the  uni- 
form train-load  is  94,9  —  75,  =  19.9  ft.,  to  the  right  of  the  end  of  the  bridge.     Wheel  14  is 
therefore  the  last  wheel  to  the  right  that  is  on  the  bridge,  and  is  26.5  —  19.9,  =  6.6  ft.,  to  the 
left  of  i.     Moment  about  «'=  moment  about  wheel  14+  172  X  6.6.     Hence 

ch^ar  In  ./-  6257.0+  172  X  6.6      64.8  _ 
snear  m  ^  =  — ^^ —  —^-  =  344« 


200 


25 


With  wheel  3  at  /, 


shear  in  ./=  8347-0+^90  X  cx 5  _  I2!d  =  34.3. 


200 


25 


6th.  Shear  in  fg, — Wheel  2  at  ogives  a  maximnm,  whose  value  is  16.27.  This  positive 
shear  would  probably  be  less  than  the  dead  load  negative  shear  and  would  therefore  be  needed 
only  to  show  that  fact. 

The  dead  load  negative  shear  to  the  right  of  g  would  be  much  greater  than  the  live  load 
positive  shear. 

Multiplying  the  above  maximum  shears  by  cosec  6^,  =  V25'  +  32*  -7-  32,  =  1,269,  for  the 
stresses  in  the  diagonals,  we  have  the  following 

LIVE-LOAD   WEB  STRESSES. 


Panel. 

Shear. 

Piece. 

Streaa. 

Piece. 

Streaa. 

ah 

166.0 

aB 

+  210.6 

be 

125.5 

Be 

-  159-3 

cd 

90.4 

cC 

- 

-90.4 

Cd 

-114.7 

de 

60.1 

dD 

- 

-60.1 

De 

-    7^-3 

ef 

34.4 

eE 

[-34.4 

£f 

-   43.7 

The  proper  positions  of  the  loads  might  have  been  more  quickly  found  by  finding  for 
what  panels  each  of  the  wheels  2,  3,  and  4  would  give  a  maximum  shear  when  placed  at  the 
right-hand  panel  point,  as  explained  in  Art.  94.  Thus  with  wheel  3  at  this  panel  point,  G^ 
varies  from  23  to  38  and  8(7,  lies  between  184  and  304,  which  are  then  the  limiting  values  of 
G  for  wheel  3  to  give  a  maximum.  Wheel  3  therefore  gives  a  maximum  when  the  end  of  the 
bridge  lies  between  wheel  16  and  (304  —  208)  ~  LJ,  =  64  ft.,  to  the  right  of  point  19;  that  is, 
when  wheel  3  itself  is  from  74.5  ft.  to  153.1  ft.  to  the  left  of  the  right  end  of  the  bridge. 
This  includes  panel  points/,  e,  d,  and  r,  as  found  above. 
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The  field  of  wheel  4  is  likewise  found  to  lie  between  148.6  ft.  from  the  right  end,  to  the 
left  end,  thus  including  points  c  and  b. 

The  field  of  wheel  2  is  from  14.8  ft  to  8a 3  ft.  from  the  right,  thus  including  points  A» 
g,  and  /. 

It  is  to  be  noticed  that  consecutive  fields  overlap  by  an  amount  equal  to  the  distance 
between  wheels. 

Floor -beam  Reaction  ;  Stresses  in  Hip  Verticals. 

These  are  a  maximum  when  the  joint-load  is  a  maximum.     By  Art.  92  the  maximum 

joint  load  is  equal  to  the  maximum  moment  at  the  centre  of  a  beam  50  feet  long,  multiplied 

2 
by  -J.    Wheel  4  at  the  centre  of  such  a  beam  is  the  only  wheel  giving  a  maximum  moment. 

^,         ,        ^   .  .  1958.9  +'95  X  2.8        ,  TT  t  .  « 

The  value  of  this  moment  =  — ^ —  —  309.2  =  743.2.   Hence  the  maximum  floor- 

2 

2 
beam  load  =  743.2  X  —  =  59»46.     Two  such  loads  applied  on  the  floor-beam  at  the  points  of 

25 

attachment  of  the  stringers  will  produce  the  maximum  moment  and  shear  in  the  beam. 
These  are  readily  computed. 

In  the  diagram.  Fig.  129,  the  floor-beam  concentration  or  stress  in  hip  vertical  may  be  quickly  found  by 
placing  wheel  13  over  the  floor-beam  and  then  deducting  from  the  total  load  on  the  two  adjacent  panels  the 
part  which  is  transferred  to  the  two  adjacent  floor-beams  by  the  stringers.  Thus,  as  wheels  10  to  17  are 
on  the  two  panels,  the  total  load  is  95  and  the  part  transferred  to  the  adjacent  beams  is,  taking  moments 

about  wheel  13  and  which  are  given  in  line  12,^-^^ —     ^.."'J  _  ^^,^.    The  beam  concentration  is  therefore 

95-35.5  =  59.5- 

Stringers  ;  Maximum  Moment  and  Shear. 

The  maximum  moment  will  be  near  the  centre  and,  by  Art.  91,  will  be  under  some  wheel 
when  that  wheel  and  the  centre  of  gravity  of  the  entire  load  on  the  stringer  are  equally 
distant  from  the  centre.     Length  =  25  ft. 

It  will  be  simplest  to  first  find  what  wheels  placed  at  the  ceritre  will  give  a  maximum 
moment  at  that  point.     These  are  found  by  the  criterion  of  eq.  4,  p.  75,  to  be  wheels  3  and  4. 

With  wheel  3  at  the  centre,  wheels  2  to  5  are  on  the  stringer.  The  distance  of  the  centre 
of  gravity  of  these  four  wheels  from  5  is  found  by  taking  moments  about  wheel  5  or,  as  given 
in  line  11  of  the  diagram,  about  wheel  14,  to  be  424.5  —  60  =  7.1  f t. ;  hence  wheel  3  should  be 
placed  a  distance  (9  —  7.1)  4-  2  =  .95  ft.  to  the  left  of  the' centre.     The  mpment  under  wheel 

1 1  t;c* 
3  is  then  found  to  be  233.5,  =  60  X  —  87. 

With  wheel  4  at  the  centre,  wheels  2  to  6  are  on,  and  the  centre  of  gravity  of  these 
five  loads  is  found  to  be  12.3  ft.  to  the  left  of  6,  and  .7  ft.  to  the  left  of  4.  With  wheel  4 
.35  ft.  to  the  right  of  the  centre  the  moment  under  4  is  found  to  be  234.7,  the  required 
maximum. 

The  moments  at  the  centre  under  wheels  3  and  4  are  230.2  and  234.3  respectively,  values 
very  nearly  as  great  as  the  above,  thus  showing  that  the  moment  varies  but  slightly  near  the 
centre  of  the  stringer. 

The  maximum  shear  in  the  stringer  occurs  at  the  end,  when  one  of  the  wheels  is  about 
to  pass  off.  Wheel  2  at  the  left  end  will  evidently  give  a  greater  reaction  than  will  wheel  i. 
With  wheel  2  at  the  left  end,  wheel  6  will  be  (8.1  -+-  25)  —  30.0  =  3.1   ft.  to  the  left  of  the 

right  end.     Left  reaction  =  shear  =  199^.5  -  8  X  30  +  69  X3>i  ^  ^  ^g^     ^j^j^  ^j^^^j  ^  ^^ 

the  left  end  the  shear  is  found  to  be  41.58.     The  required  maximum  is  therefore  42.58. 

97.  Plate  and  Lattice  Girders. — The  maximum  moments  and  shears  are  found  at 
several  points  along  the  girder,  and  from  these  the  flange  and  web  stresses  are  obtained.  In 
addition  to  these  moments  the  maximum  moment  possible  in  the  girder  may  be  found  as  in 
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the  case  of  the  floor-stringer  above,  by  testing  a  few  wheels  which  give  a  maximum  at  the 
centre. 

The  other  moments  are  found  by  the  same  method  as  illustrated  in  the  preceding  article. 

The  shear  at  any  point  is  a  maximum  with  either  wheel  i  or  2  just  to  the  right  of  the 

Qt  p 

point.    Wheel  2  at  the  point  will  give  a  maximum  whenever  -.-%  jy  and  wheel  i  will  give  a 

/2ff       p 

maximum  when  -/"^-r*  where  G  =  load  on  the  girder  with  wheel  i  at  the  point,  G*  =  load 

on  the  girder  with  wheel  2  at  the  point,  b  =  distance  between  wheels  i  and  2,  and  P^  =  weight 

of  wheel  i.     This  follows  from  Art.  93. 

jP        8  P 

Thus  for  a  60-foot  girder,  r  =  cTT  ==  -99  ^"^  -H  =  S9»4.    Hence  when  G  %  59.4,  wheel  2 

gives  the  greater  shear;  that  is,  when  five  or  more  wheels  are  on  the  girder  with  wheel  i  at  the 
point,  which  would  be  for  all  points  22.9  ft.  or  more  from  the  right  end.  When  G^'^59.4 
or  when  there  are  four  or  less  loads  on  the  girder  with  wheel  2  at  the  point,  then  wheel  i 
gives  the  greater  shear ;  that  is,  for  all  points  less  than  14.8  feet  from  the  right  end.  Between 
14.8  and  22.9  feet  from  this  end  both  positions  should  be  tested. 

98.  Graphical  Methods.  Load  Line  and  Moment  Diagram. — The  following  graphical 
methods  of  computing  stresses  for  actual  wheel  loads  are  mostly  due  to  Dr.  Henry  T.  Eddy. 
They  are  given  by  him  in  a  very  elaborate  paper  discussing  the  whole  subject,  in  the  Trans, 
Am.  Soc,  C.  E.,  Vol.  XXII,  1890,  paper  No.  437.* 

These  methods  offer  considerable  advantage  over  the  analytical  methods  as  regards  speed, 
and  if  the  diagrams  are  drawn  carefully  and  to  a  large  scale  they  are  sufficiently  accurate  for 
computing  the  stresses  in  the  main  members  of  a  truss.  For  floor-beams  and  stringers  the 
moment  table  should  be  used  in  getting  moments  and  shears,  but  the  diagram  may  be  used 
in  getting  tYit  positio?i  of  the  loads. 

The  diagram,  Fig.  131,  is  constructed  as  follows:  Upon  profile  paper,  or  upon 
specially  prepared  cross-section  paper,  is  first  laid  off  the  wheel-diagram,  to  a  horizontal  scale 
of  about  8  ft.  to  the  inch.  The  wheels  are  numbered,  their  distances  apart  noted,  and  vertical 
lines  drawn  through  each.  The  stepped  "  load  line,"  1-2-3-4-,  etc.,  is  simply  a  line  whose 
ordinates.  measured  from  the  horizontal  reference  line  0-0  at  the  bottom  of  the  sheet,  are 
equal  to  the  summation  of  the  loads  to  the  left.  It  thus  consists,  over  the  wheels,  of  a  series 
of  steps,  each  step  being  equal  by  scale  to  the  load  below.  Over  the  uniform  load  it  is  a 
straight  line  rising  at  the  rate  of  1500  lbs.  per  foot.  A  convenient  scale  for  loads  is  about 
20,000  lbs.  to  the  inch. 

The  moment  lines,  numbered  1,2,3,4,..  .  18,  at  the  right  edge,  are  constructed  by 
beginning  at  the  horizontal  reference-  line  at  some  point  near  the  right  end  of  the  sheet  and 
laying  off  successively  on  a  vertical  line  the  moment  of  each  wheel  about  that  point,  beginning 
with  wheel  i.  Then  the  line  i  is  drawn  from  the  reference  line  over  wheel  I  to  the  first  point 
thus  found ;  the  line  2  through  the  intersection  of  Hne  I  with  the  vertical  over  wheel  2,  and 
the  second  point  so  found  ;  then  3  through  the  intersection  of  2  with  the  vertical  over  wheel 
3,  and  the  third  point ;  etc.  A  scale  of  one  one-hundredth  of  the  scale  for  loads  will  be  found 
convenient.  Tho  ordinate  at  any  point,  from  the  reference  line  to  any  one  of  these  moment 
lines,  is  thus  equal  to  the  sum  of  the  moments  about  the  point  of  the  loads  up  to  and  includ. 
ing  the  load  corresponding  to  the  moment  line  taken.  Also  the  ordinate  at  any  point  between 
any  two  lines,  as  between  2  and  8,  is  equal  to  the  sum  of  the  moments  of  wheels  3  to  8,  inclusive, 
about  that  point.  The  broken  line  AB,  formed  of  segments  of  moment  lines,  Is  evidently  an 
equilibrium  polygon  for  the  given  loads.  The  portion  BC  above  5  is  a  parabolic  curve  and  can 
be  easily  constructed  by  computing  the  moments  of  the  portion  of  the  uniform  load  between  B 
and  points  to  the  right,  about  those  points,  and  laying  off  these  moments  above  the  line  l8, 

*  The  stepped  load-line  had  been  used  in  ihe  office  of  the  Cincinnati  Southern  Ry.  at  Cincinnati,  since  1881.     The 
moment  lines  were  published  by  Prof.  W.  H.  Schuerman  in  1886.     See  Proc.  of  the  Eng*  Assoc,  0/ the  Souths  Vol.  IX, 

P'  35- 
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99.  Application  of  the  Diagram,  Fig.  131,  to  Finding  Maximum  Moments.  -Before 
using  the  diagram,  the  panel  points  of  the  truss,  or  the  points  along  the  beam  where  the 
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moments  are  desired,  are  first  marked  ofT  on  a  slip  of  paper  to  the  same  scale  as  the  diagram. 
Suppose  1-2-3-4  .  .  .,  Fig.  132,  represent  a  portion  of  a  load  line,  and  Ay  C,  D,  E,  B  be  the 
panel  points  of  a  truss,  marked  off  on  a  separate  slip  of  paper.     Let  it  be  required  to  find  the 

position  of  loads  for  a  maximum  moment  at  D. 

Q 

The  average  load  on  the  left,  =  -jj^ ,  must  equal 

Q 

the  average  load  on    the   bridge,  =  -r^ .    Tn; 
wheel  4  at  Z^  by  placing  D  under  this  wheel.    Thr 

Q 

ordinate  FB  =  (z,  and  -j^  is  the  slope  of  the  line 

AF.    The  ordinate  ID  or  KD  =  <?, ,  and  —r-^ 

is  equal  to  the  slope  of  AI  or  AK.  The  slope  of 
AF  is  seen  to  be  greater  than  that  of  AK  and  less 
than  that  of  AI\  therefore  this  position  gives  a 
maximum  moment  at  D,  Hence,  in  general,  for 
Fig.  13X  a  maximum  moment,  if  the  line  whose  slope  is 
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equal  to  -j  cuts  the  load  or  step  which  is  above  the  point,  the  position  is  one  giving  a  maxi- 
mum. This  line  is  conveniently  indicated  by  means  of  a  thread.  If  there  are  no  loads  off  the 
bridge  to  the  left,  the  line  -^-F  starts  from  the  zero  line  at  the  end  of  the  bridge  at  A  ;  but  if 
there  are  loads  to  the  left,  it  starts  in  the  load  line  vertically  over  the  end  of  the  bridge. 
The  right  end  is  the  point  in  the  load  line  vertically  over  the  right  end  of  the  bridge.  In  the 
above  case,  if  AF showXd  pass  above  Aly  the  loads  must  be  moved  to  the  left;  and  if  it  should 
pass  below  AK,  then  the  loads  must  be  moved  to  the  right. 

The  moment  itself  is  easily  found  on  the  moment  diagram  by  reading  off  the  ordinate  at 

AD 
B  between  the  moment   lines  o-O  and    7,  multiplying  this  by  -Td"*  and  subtracting  the 

moment  of  the  loads  to  the  left  about  2?,  which  is  given  by  the  ordinate  at  D  between  0-0  and 
4.  The  moment  at  D  is  also  equal  to  the  ordinate  from  the  closing  line  to  the  equilibrium 
polygon  formed  by  the  segments  of  the  moment  lines.  The  extremities  of  this  closing  line 
lie  in  verticals  through  the  ends  of  the  bridge. 

In  finding  the  greatest  possible  moment  in  a  girder,  the  centre  of  gravity  of  any  number 
of  loads  is  readily  found  by  producing  the  two  segments  of  the  equilibrium  polygon  including 
these  loads,  to  their  intersection. 

100.  Application  of  the  Diagram,  Fig.  131,  to  Finding  Maximum  Shears. — ist.  Sluar 

in  Beams  or  Girders^ — It  has  been  shown  in  Art.  93  and  illustrated  in  Art.  97  that  wheel  i 

(7"-      P 
will  cause  a  maximum  shear  at  all  points  to  the  right  of  the  point  where  =y-  =  -^,  and  that 

G'      P 

wheel  2  will  cause  a  maximum  shear  to  the  left  of  the  point  where  -y  =  -— ;  where  G  and  G" 

are  the  total  loads  on  the  girder  with  wheels  1  and  2,  respectively,  at  the  point ;  b  =  distance 
between  wheels  i  and  2 ;  /*,  =  weight  of  wheel  i ;  and  /  =  length  of  girder.  (Stringers  Iqss 
than  about  18  ft.  long  are  an  exception,  they  having  a  maximum  end  shear  with  wheel  5  at 
the  end.) 

p 

Let  -4 1-2  ...  8,  Fig.  133,  be  a  load  line.     Draw  the  line  A  T,  having  a  slope  of  -~.     Lay 

off  the  length  of  the  girder  AB  on  the  line  0-0,  and  at  B  draw  the  vertical  BT.    This  vertical 

P 
ordinate   is  that  load  which,   divided   by  /,  =  -1- ,  and 

therefore  is  the  load   G  or  G"  above  mentioned.     In 

order  that  this  may  be  the  total  load  on  the  girder,  wheel 

5  must  be  at  the  right  end.     Laying  off  the  girder  then 

from  B'  to  the  left,  the  portion  B'C  to  the  right  of  wheel 

2  is  the  portion  of  the  girder  in  which  the  maximum 

shear  is  given  by  wheel  i,  and  the  portion  of  the  girder  to 

the  left  of  C  has  its  maximum   shears   for  wheel   2. 

Between   C   and  C  both  positions  should   be  tested. 

The  line  ^4  7"  is  permanently  drawn  on  the  diagram  ;  no 

other  Ijnes  need  be  drawn. 

2d.  Shear  ill  a  Truss. — The  criterion  for  maximum  shear  maybe  stated  thus:  the  total 

load  on  the  truss  divided  by  its  length  must  equal  the  load  in  the  panel  divided  by  the  panel 

length.     Any  wheel  Pat  the  panel  point  to  the  right  will  thus  give  a  maximum  shear  so  long 

as  -J  lies  between  -^  and    -^-^ — ,  where  G  =  total  load  and  G^  =  load  in  the  panel  other 

than  P. 

Let  I  ...  .15,  Fig.  134,  be  any  load  line.     Mark  ofif  on  a  strip  of  paper  the  panel  points 


AC"     C' 


Fig.  133. 
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of  the  truss  and  place  it  in  the  position  AB^  with  the  first  panel  point  C  under  wheel  I.     Other 

panel  points  are  Z?,  £,  and  F.     Call 

the   loads  /\,  -P, ,  P,,  etc.     Draw 

the    lines  AT,y  AT^,  AT^,  etc, 

having  ordinates  at  C  equal  to  P, , 

P,  +  /',,P,  +  /\  +  /',,etc.    These 

lines  will  then  have  the  slopes  of 

d'  d         '  d  '        ^ 

respectively. 

Wheel   I    at    the   right-hand 
panel  point  of  any  panel  will  give  a 

maximum  shear  so  long  as  y  ^-7. 

This  limiting  value  of  G  is  the 
ordinate  BT^  at  the  right  end  of 
the  truss.  Hence  P,  gives  a  maxi- 
mum until  P^  comes  on,  that  is,  for 
the  distance  B'C  at  the  right  end 

G  P*         P+P 

of  the  truss.     Wheel  2  gives  a  maximum  for  values  of  -j  between  ~  and  — ^ — -,  or  for  values 

of  G  between  BT^  and  BT^.  That  is,  wheel  2  gives  a  maximum  shear  in  the  panel  to  the  left 
of  each  joint  crossed  by  it  in  moving  the  loads  from  the  position  with  wheel  5  at  ^  to  the 
position  with  wheel  10  at  B.  The  strip  of  paper  should  be  placed  with  the  point  B  first  at  B' 
and  then  at  B-\  the  point  below  wheel  2  being  marked  in  each  position.  The  space  between 
these  marks  is  the  space  in  which  the  shear  is  dominated  hy  P^,  It  is  seen  to  overlap  the 
space  B^C,  dominated  by  wheel  i,  by  the  distance  between  wheels,  as  shown  in  Art.  96.  The 
ordinate  from  B  to  AT^  being  greater  than  G  when  P^  is  at  C,  the  last  panel  point,  we  may 
say  that  P,  dominates  the  shear  in  the  truss  from  a  position  with  wheel  10  at  B,  to  the  left 
end.  We  thus  have,  very  briefly,  the  position  for  maximum  shear  in  all  the  panels.  None  of 
the  lines  need  be  actually  drawn. 

The  shears  themselves  are  readily  found  from  the  moment  lines.  The  left  reaction  is 
equal  to  the  ordinate  to  the  equilibrium  polygon  at  the  right  abutment,  divided  by  the  length 
of  the  truss.  The  panel  load  to  be  subtracted  is  equal  to  the  similar  ordinate  at  the  right  end 
of  the  panel,  divided  by  a  panel  length.*  These  ordinates  are  measured  from  the  line  0-0  if 
there  are  no  wheels  to  the  left  of  the  left  abutment  or  the  left  panel  point.  If  there  are,  then 
the  ordinates  are  measured  from  the  moment  line  corresponding  to  the  wheel  nearest  the 
bridge  or  panel  on  the  left. 

Example  i.  Find  the  maximum  stresses  in  all  the 
members  of  the  truss  of  Art.  96. 
h ►  Example  2.  Find  the  maximum  moments  and  shears 


h-<^ 


/KKKNXIXMXM 


at  points  10  ft.  apart  in  a  plate  girder  100  ft.  long. 


Mo 


1 

Pi 
Ml 


t 

P« 
Ms 


8 


M, 


4 

P4 
M4 


n-1      w 

Pn-l   P« 
Mn-1  Mm 


Pn+1 
Mm41 


loi.  Computation  of  Panel  Concentrations. 
— It  IS  frequently  required  to  compute  all  the 
panel  loads  in  a  truss  for  some  single  position  of 
the  loading ;  as,  for  example,  with  wheel  3  at  the 
first  panel  point  from  the  left  end.  A  convenient 
formula  is  readily  derived  as  follows : 
Pnf  Pn  + If  etc.,  be  the  panel  concentrations ;  M^ ,  M^,  .  .  ,  M^, 
M^+i  ,  etc.,  the  summation  of  the  moments  of  the  loads  to  the  left  of  each  panel  point  about 

♦  The  student  must  remember  that  in  truss  analysis,  for  both  shears  and  moments,  the  wheel  loads  must  first  be 
lOncentrated  at  the  joints  before  they  can  come  upon  the  truss,  and  when  the  method  of  sections  is  employed  /mh/ 
hods  ^nfy  art  i»  be  considered.    The  external  reactions^  however,  can  be  computed  from  the  actual  positions  of  the  loads. 


Fig.  135. 
In  Fig.  135,  let />,/>, 
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that  point;  b,  the  distance  from  panel  point  n  to  any  other  panel  point;  and  </,  the  panel 
length.  Suppose  /*,  is  required.  By  equating  the  moments  of  the  loads  about  n  with 
the  moments  of  the  panel  reactions  we  have 


2,'-'Pb  =  M, 

Similarly  with  centre  at  »  -f-  ii 

2:P{b  +  ^),  =  2.-  -  'Pb  +  d2:  -  'P+  PA=M,+„ 
and  with  centre  at  «  —  i, 

2,'-'P{b  -  d),  =  2,'-'Pb  -  d2,'-'P,  =M,.,.  .    . 
Substituting  from  {a)  and  {c)  in  {b)  we  readily  get 


(«) 


W 


W 


P.= 


(8) 


The  values  of  the  M*s  can  be  taken  from  the  diagram,  or  may  be  computed  with  the  aid  of 
the  moment  table,  Fig.  129.     For  an  example  of  the  application  of  eq.  (8),  see  Art.  107. 


TRUSSES  WITH   INCLINED  WEB   MEMBERS  AND  INCLINED  CHORDS. 

102.  Maximum  Moment  at  Joints  in  the  Unloaded  Chord.— Let  AB,  Fig.  136,  be 
any  truss  with  horizontal  or  inclined  chords,  and  C  any  joint  of  the  unloaded  chord,  not  verti- 


B 


Bf 


cally  over  a  joint  of  the  loaded  chord.  Let  6  =  the  horizontal  distance  from  C  to  the  next 
loaded  chord  joint  towards  A,  and  a  =  the  horizontal  distance  from  C  to  A,  The  other 
notation  is  the  same  as  that  previously  used.  The  effect  upon  the  moment  at  C  due  to  a  load 
unity  moving  from  B  to  E  and  from  D  to  A  is  the  same  as  for  the  moment  at  a  point  C  in  a 
beam ;  hence  the  influence  line  for  that  portion  is  B'G  and  FA\  portions  of  the  influence  line 

AHB\  where  C'H=^     ~       .     Between  E  and  D  the  load  is  carried  by  the  stringer  to  these 

» 

panel  points.     The  influence  line  for  this  portion  will  then  be  the  straight  line  GF. 

To  derive  the  criterion  for  maximum  moment  at  C,  let  (7, ,  G^, ,  and  (7,  represent  the 
portions  of  the  load  that  lie  in  the  segments  AD,  DE,  and  EB,  respectively.  Let  the  loads 
advance  a  small  distance  Sx  to  the  left.     The  increase  in  moment  at  C  will  be 


^M  =  G^^x  tan  a,  —  GJ^x  tan  a,  —  G^Sx  tan  a^ . 


For  a  maximum, 


6x 


=:  o  z=  G^  tan  Of,  —  G^  tan  or,  —  G^  tan  a,.    •    .    , (a) 


Now  we  have 


Also 
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tana,sj;    tana^s — j—;    tan<r,sr ^ , 


<?£'  =  [/— (a- *  +  ^/)]  tan  a,    and    /^0' =  (n  -  *) tan  «,• 


Substituting  these  values  of  GE'  and  FZ?^  in  the  expression  for  tan  a^  we  have 

bl^ad 
tan  «,  s=  — gr— . 

Eq.  (a)  then  becomes 

If  (?  =  <?,  +  ^t  +  ^«  >  wc  have,  after  reduction, 

/     -^- — -a    .   .      .  .  .  .  . 
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w 


(9) 


For  a  maximum  the  left-hand  member  of  eq.  {B)  must  become  zero  by  passing   from 
positive  to  negative.     This  can  occur  only  when  some  wheel  passes  E  or  i7,  as  then  only  can 

be  increased.     Equation  (9)  is  the  criterion  required. 


Fig.  137. 

Fig.  137  shows  a  load  line  and  the  outline  of  a  truss  AB.    Try  wheel  4  at  Z>  for  a  maxfn^UkT. 
moment  at  C.    Thesla^e  of  the  line  A'T  is  equal  to  the  left-hand  member  of  eq.  (9).     G, 

\ 
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varies  between  the  values  GM  and  GM' ,  or  CK  and  CK\  according  as  wheel  4  is  considered 
in  or  out  of  the  panel  DE,     The  value  of  G^  varies  correspondingly  between  the  sum  of  the 

loads  6,  5,  and  4,  and  the  sum  of  6  and  5  only.     The  corresponding  values  of  G  —  are  found 

by  drawing  MO  and  M'O.  They  are  KN  and  KN'.  The  slopes  of  the  lines  A  'N  and  A  'N\  if 
drawn,  would  therefore  be  the  two  values  of  the  second  member  of  eq.  (9).  Hence  when 
A'T  Q\3X%  NN\  then  this  position  of  the  loads  gives  a  maximum  moment  at  C.  None  of  the 
lines  need  be  drawn,  the  points  N  and  N'  being  lightly  marked  and  a  thread,  A'T,  stretched 
from  A^  to  the  intersection  of  the  vertical  at  B  with  the  load  line.  With  a  load  at  £,.two 
points  similar  to  iVand  N'  are  obtained  by  lines  drawn  from  the  intersection  of  the  vertical 
through  D  with  the  load  line,  to  the  upper  and  lower  limits  ©f  the  load  at  E. 

The  position  of  the  loads  having  been  found,  the  bending  moment  at  C  is  most  readily 
found  by  proportion  from  the  moments  at  D  and  E.  Thus  if  Mjy  and  M^  are  the  bending 
moments  at  D  and  -£,  respectively,  found  in  the   usual  way,  then  the  moment  M^  at  C, 

:=Mo  +  {M^-Mo)2 

103.  Maximum  Web  Stresses.— Let  ED,  Fig.  138,  be  any  web  number  of  a  truss  with 
inclined  chords.    If  /  is  the  intersection  of  the  chord  members  EF  and  CD,  then  the  stress 


in  ED  is  equal  to  the  sum  of  the  moments  about  /  of  all  the  external  forces  acting  upon 
the  portion  to  the  left  of /^,  divided  by  the  lever-arm  /.  The  stress  in  ED  is  then  a  maxi- 
mum  when  this  moment  is  a  maximum. 

The  influence  line  for  moment  at  /  is  readily  drawn,  after  first  finding  the  values  of  this 

moment  for  a  load  unity  at  D  and  at  C.    With  load  unity  at  /?,  the  tnjment  at  /  =         ~^s. 


t 
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/—a 
and  with  the  load  at  C  the  inoment=--r-::— (a-h^),  a  negative  quantity.    La)dng  off  VG  and 

C'H  equal  respectively  to  these  moments,  and  joining  A'H,  HGy  and  GB\  we  have  the  required 
influence  line  for  moment  at  /. 

The  maximum  stress  in  ED  occurs  when  some  of  the  wheels  at  the  head  of  the  train  are  in 
ihe  panel  CD^  and,  in  exceptional  cases  only,  when  some  of  the  loads  are  to  the  left  pf  C  In  the 
cases  treated  we  will  assume  that  there  are  no  loads  on  the  portion  AC. 

Let  G2  represent  the  total  load  in  the  panel  CD\  Gg,  the  load  in  DB\  and  G,  the  total  load 

on  the  bridge.    Let  the  loads  advance  from  any  given  position  a  distance  ^x  towards  the  left. 

The  moment  at  /  will  be  increased  by  an  amount  51f  =  G8^artanaa~G2<Jjc tana,.    For  a  maxi- 

mum 

8M  _  _ 


Sx^°'     ""' 

Crjta 

na,=u,  tana«. 

From  this  we  may  write,  as  in  Art.  90, 

G,        G, 
D'B'     N'ly 

and 

G          G, 

N'B'     N'ly 

(10) 


This  is  the  most  convenient  form  of  the  criterion  when  the  point  iV'  is  once  known.  It  is  the 
point  at  which  if  a  load  is  placed,  the  resulting  stress  in  ED  is  zero.  It  is  found  graphically 
by  drawing  AE  and  BF  to  intersect  at  M  and  drawing  the  vertical  MN\  I'he  correctness 
of  this  is  shown  ao  follows:  For  a  load  at  N  the  lines  AM  and  MB  will  represent  to  some  scale 
the  moment  diagran:  for  the  truss;  EC  will  equal  moment  at  E  or  C,  and  FD  will  equal  moment 
at  F  or  D.  Therefore  mom.  at  £-^£C=mom.  at  D  ^FD,  or  stress  in  CD=^  hor.  comp.  in  EF. 
Hence  the  stress  in  £Z>  =  o. 

For  the  vertical  EC,  produce  KE  to  intersect  DF  at  F',  then  draw  AE  and  BF'  to  an  inter- 
section M\  etc.  Replacing  EF  by  EF'  gives  a  truss  in  which  the  maximum  stress  in  EC  occurs 
for  the  same  loading  as  maximum  in  ED,  hence  this  construction. 

By 'substituting  in  eq.  (a)  the  values 

lyC       5  ,  D'G-CH         /+^+^ 

tan  «•=  -. J  =T     and     tan  a, = 3 *= 3 

'    I— a— a    I  ^  a  a 

we  get,  after  reduction,  the  form  of  criterion 

J^^'~d~ (^^) 

This  is  the  more  convenient  form  for  algebraic  methods.    In  using  the  load  line  with  this  criterion 

a 
add  to  the  ordinate  G^  the  — th  part  of  itself  before  stretching  the  thread.     Compare  eq.  (10')  with 

eq.  (7)  of  Art.  94. 

For  the  vertical  EC  the  same  panel  CD  must  be  partially  loaded.  In  the  resulting  criterion 
s  is  replaced  by  ^,  but  otherwise  it  is  the  same  as  eq.  (10'). 

The  actual  stresses  in  the  members  are  found  by  the  methods  explained  in  Chapter  IV,  the 
reaction  and  joint  load  at  C  being  obtained  by  the  use  of  the  moment  table  or  diagram  as  before. 

104.  Application  of  the  Foregoing  Principles. — The  truss  of  Fig.  in,  p.  76,  having  both 
inclined  web  members  and  inclined  chords,  will  serve  to  illustrate  the  principles  of  the  two  preceding 
articles.    The  stresses  in  all  the  members  will  be  found,  using  the  loads  of  the  diagram  Fig.  131. 

ist.  Upper  Chords. — The  truss  should  first  be  drawn  to  a  large  scale,  so  that  any  required 
lever-arm  can  be  scaled  off  vvith  sufficient  accuracy. 
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The  centres  of  moments  for  the  upper-chord  members  are  at  the  lower  chord  jointa 
These  moments  are  found  as  in  a  beam  or  a  Pratt  truss,  Art.  96,  and  hence  the  computations 
will  not  be  given  here  in  detail.  The  table  of  chord  stresses  below  gives  the  positions  of 
loads  for  the  greatest  maximum  moments,  the  corresponding  moments,  the  lever-arms  of  the 
various  chord  members,  and  the  resulting  stresses. 

When  the  piece  MN  is  reached,  the  centre  of  moments  is  at  £  or  F  according  as  EN  or 


jf -fi  jr 


Fig.  139: 


MF  is  in  action.  Trying  the  point  E,  we  have  as  our  maximum  moment  8950.  The  cor- 
responding shear  in  the  panel  EF  is  found  by  subtracting  from  the  reaction  at  A  the  loads 
between  A  and  E  and  the  portion  of  the  loads  in  EF  going  to  E.  It  is  found  to  be  —  12.3  : 
hence  EN  mwst  be  in  action  and  the  proper  centre  of  moments  for  this  position  of  the  loads 
is  as  we  have  assumed.  The  maximum  moment  at  F  is  8760,  which,  being  less  than  8950,  is 
not  considered.     Hence  the  maximum  stress  in  MN  is  due  to  a  moment  at  E  of  8950. 

2d.  Lower  Chords, — The  centres  of  moments  for  the  lower  chord  members  are  at  the 
upper  chord  joints.  The  positions  of  the  loads  giving  maximum  moments  at  these  joints  are 
found  by  means  of  the  diagram  Fig.  131,  as  explained  in  Art.  102. 

Moment  at  I. — This  is  a  maximum  for  wheel  4  at  C  The  moment  is  found  by  propor- 
tion, from  the  moments  at  A  and  C  {M^  and  M^.  M^  =  o.  Mc  is  readily  found  from  the 
diagram  Fig.  131,  by  reading  off  the  ordinate  to  the  curved  moment  line  at  the  right  end  of 
the  truss,  dividing  by  200,  multiplying  by  28.57,  and  subtracting  the  ordinate  to  the  moment 
curve  at  C    Thus, 

J^c  =  ^i^  X  28. 5  7  —  360 


200 


35000 


XI  —  36o=464a 


20 


Then  Mj  =  M^  +  {^c  —  ^a)^^  =  3250  as  given  in  the  table.     The  lever-arm  of  ^C=  24  ft. 

Moment  at  K, — Wheel  9  at  -D  and  wheel  4  at  C  are  the  two  positions  giving  maximum 
moments. 


With  wheel  9  at  -O 


and 


With  wheel  4  at  C 


•      ••• 


•      • 


•     •    • 


•^« 


Mj,  =  34500  X  f  —  2400  =  7460, 
Mc  =  34500  X  +  —  300  =  4630, 

1^8 

-«fr  =  4630  +  (7460  -  4630)^  =  600a 


Mj,  =  35000  X  f  —  2600  =  7400^ 
Mc  =  35000  X  +  -  360  =  464P1 


•  • 
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lOI 


and 


3//c= 4640+  (7400-  4640)^  =  5970 


The  maximum  moment  is  therefore  6000,  and  this  divided  by  the  lever-arm  31.35  gives  the  stress 
in  CD,  which  equals  192000  lbs. 

Moment  at  L. — Wheel  8  at  Z>  and  wheel  13  at  E  are  the  two  positions  giving  maxima.  The 
greatest  of  the  two  moments  is  when  wheel  8  is  at  £>  and  is  equal  to  7900. 

Moment  at  M  or  N  for  Stress  in  EF. — When  the  loads  are  so  placed  that  the  moment  at  M 
is  a  maximum,  it  will  be  true  in  general  that  the  moment  at  N  will  be  less  than  that  at  M.  From 
this  it  follows  that  the  shear  in  panel  EF  will  be  negative  (shear = differential  of  moment),  EN 
will  be  in  action,  and  the  moment  centre  for  EF  will  be  at  A^.  Likewise  when  the  moment  at  N 
is  a  maximum,  that  at  M  will  be  less,  MF  will  be  in  action,  and  the  moment  centre  for  EF  will 
be  at  M.  Thus  the  moment  centre  in  each  case  will  be  at  a  point  where  the  moment  is  not  a 
maximum,  and  the  resulting  stress  will  not  be  the  maximum  stress.  The  desired  maximum  in 
EF  will  occur  for  a  position  of  loads  intermediate  between  those  giving  maximum  moments  at 
M  and  N,  and  in  fact  for  such  a  position  as  will  make  these  moments  equal.  The  stresses  in  the 
diagonals  will  then  be  zero  and  the  moments  at  E  and  F  will  equal  the  moments  at  M  and  N. 
This  position  may  readily  be  found  by  trial  after  finding  the  positions  for  a  maximum  at  M  and 
N,  or  E  and  F. 

In  this  example  wheels  12  and  13  at  £  give  maximum  moments  at  M.  Wheels  14, 15,  and  16 
at  F  give  maximum  moments  at  N,  and  moreover  with  15  at  -F  the  moments  at  E  and  F  are  each 
equal  to  8760.  This  is  evidently  the  desired  position  and  the  maximum  moment  at  N  is  also 
equal  to  8760. 

This  method  of  calculating  the  stress  in  EF  is  also  applicable  to  parallel  chord  trusses.  The 
maximum  stress  in  EF  is  always  nearly  as  great  as  the  maximum  in  MN,  and  in  practice  it  is 
usually  assumed  to  be  the  same.  In  this  example  the  maxunum  in  £f  =226  and  in  JfiV==23i, 
a  difference  of  about  2  per  cent. 

The  following  table  gives  the  chord  stresses  in  thousands  of  pounds. 


LIVE-LOAD  CHORD  STRESSES. 


Member. 

Centre  of 
Moments. 

Position  of 
Loads. 

Maximum 
Moment 

Lever-arm. 

Stress. 

IK 

C 

4atC 

4640 

25.5 

+  182 

KL 

D 

8atZ? 

7470 

33-7 

+  221 

LM 

E 

I3at£ 

8950 

38-1 

+  235 

MN 

E 

13  at/*: 

8950 

38-7 

+  231 

AC 

I 

4  at  C 

3250 

24.0 

-135-5 

CD 

K 

9ati>> 

6000 

31-3 

—  192 

DE 

L 

8atZ^ 

7900 

36.3 

-218 

EF 

N 

iSatF 

8760 

38-7 

—  226 

3d.  Wd>  Stresses. — We  first  produce  the  upper  chord  members  to  their  intersection  with  the 
ower  chord,  and  scale  off  the  distances  of  these  intersections  from  the  point  A.  These  are  the 
quantities  s  of  Art.  80.    They  are  given  in  col.  3  of  the  following  table  and  expressed  in  terms 


a 


of  a  panel  length.    The  ratios  -  are  given  in  the  next  column  and  expressed  to  the  nearest  tenth. 

Then  follow  the  positions  of  load  for  maximum  stress,  the  left  reaction,  the  joint  load  on  the 
left  of  the  section,  the  vertical  component  of  the  web  stress  as  found  by  the  method  of  moments, 
and  finally  the  stress  itself.    The  stresses  are  also  given  in  Fig.  139. 


I 
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The  maximum  stress  in  AI  may  be  found  directly  from  the  maximum  in  ACj  but  it  is  here 

calculated  from  its  vertical  component,  which  =  /?i— load  at  A.     For  IC  the  ratio  — =o,  and  the 

maximum  stress  occurs  for  the  same  position  of  loads  as  for  the  maximum  in  AC;  that  is,  wheel  4 

is  at  C.    For  CK,  -  =0.6.     In  applying  the  criterion  we  then  multiply  the  loads  in  the  panel  CD  by 

s 

1.6  (see  eq.  (10')  ).  Wheels  2  and  3  at  Z)  give  maxima.  Only  the  greater  one  is  given  in  the  table. 
For  member  NG  the  value  of   -  is  negative,  but  this  causes   no   difficulty  in  the  analysis.      If 

minimum  stresses  in  the  members  to  the  right  of  G  are  desired,  the  work  may  be  continued  for 
the  remaining  panels,  giving  maximum  live-load  stresses  of  opposite  sign  from  the  dead-load 
stresses. 

The  maximum  tension  in  ME  occurs  when  the  moment  at  E  is  a  maximum,  in  which  case 
LE  and  EN  are  in  action.  The  stress  is  found  therefore  directlv  from  the  maximum  stresses  in 
LM  and  MN  already  determined.  The  maximum  tension  in  LD  occurs  when  the  bridge  is  loaded 
from  the  left  as  far  as  possible  and  still  have  DM  in  action.  This  must  be  determined  by  trial 
as  explained  in  Art.  80. 


For  tension  diagonals,  vert.  comp.  = 


LIVE-LOAD  WEB  STRESSES. 


a+j-fi 


;    for  comprrssion  diagonals,  vert.  comp.== 


RiS 


a+s 


Member. 

Vert.  Projec. 

Length. 

Panel 
Lengths.  ' 

P^l 
Lengths. 

* 

s 

Position  of 
Loads. 

Reaction, 

Joint  Load, 

Vert.  Comp. 
Web  Stress 

Web  Stress. 

AJ 

24.0 

31-2 

0 

0 

4  at  C 

174.6 

12.92 

161. 7 

-f2I0.2 

IC 

24.0 

25-5 

1.86 

0 

0 

4  at  C 

174.6 

12. C? 

105.2 

-III. 8 

CK 

31-35 

34-3 

1.86 

I 

.6 

3  at/) 

108. 9 

C .  (;4 

69.9 

+  76.5 

KI) 

31-35 

34.8 

3-66 

I 

•3 

3  at  n 

ic'^.y 

6.94 

64.7 

-  71.8 

DL 

36.27 

37-2 

3.66 

2 

.6 

2  a!  E 

77- V 

2.27 

47-7 

+  48.9 

LE 

36-27 

41 .6 

9-85 

2 

.2 

3  at  E 

84.7 

6.94 

58.5 

—  67.1 

EM 

3«-72 

38-8 

9.85 

3 

•3 

2  at  E 

46.8 

2.27 

33-6 

+  33.7 

MF 

3«-72 

46.3 

00 

3 

0 

3  at  F 

S6.8 

6.94 

49-9 

-   59-7 

NG 

38-72 

50.0 

-16.85 

4 

—  .2 

2  at  a 

2^I 

2.27 

35-3 

-  45-6 

105.  The  Petit  Truss. — The  ma.ximum  stress  in  the  piece  £F,  Fig.  140,  is  equal  to  the 
maximum  moment  at  D  divided  l^y  its  lever-arm.  The  maximum  stresses  in  the  members  TIG 
and  HC  are  due  to  the  ma.ximum  joint  load.     The  piece  HD  when  stressed  is  the  only  web 


C       Q'       D' 

Fig.  140. 


member  in  action  in  the  panel  GD,  and  hence  its  maximum  stress  is  determined  according  to  Art. 
103.  The  same  applies  to  the  counter  TIF.  There  remain  then  to  be  treated  only  the  pieces 
QDi  EC,  EH,  and  CII  when  aetin<^  with  the  counter  HF. 
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1st.   The  piece  CD. — The  centre  of  moments  for  CD  is  at  E,  but  the  joint  G  is  on  the 

left  of  the  section.     The  influence  line  for  the  portions  AC  and  DB  will  be  A'K  and  MB\ 

a{l—a) 
where  KC^  = j ,  which  is  the  same  as  the  ordinary  influence  line  for  moment  in  a  beam ; 

but  as  the  unit  load  moves  from  C  to  G,  the  moment  about  E  of  the  forces  on  the  left  of  the 
section  is  uniformly  increased  at  the  same  rate  as  from  A  to  C.  Hence  KL  will  be  a  prolon- 
ijation  of  A'K.     From  G  to  D  the  influence  line  is  the  straight  line  LM. 

To  determine  the  position  for  a  maximum  moment  at  E\  Let  G^,G^,  G^.andG  be 
respectively  the  load  on  AG,  GD,  DB,  and  the  entire  bridge. 

A  small  movement  of  the  loads  to  the  left  will  increase -the  moment  by  an  amount 
equal  to 

6M=^  G^dx  tan  a,  +  G^Sx  tan  a,  —  Gfix  tan  a^ . 
For  a  maximum, 

^^  ^  ^  ^ 

-^^  =  o  =  u,  tan  Of,  +  "^  t2in  a,  —  u,  tan  a, (^ ) 


Now  we  have 


a  l-^a 

tan  Of,  =  7;    tan  a,  =  — j — ; 


and 


MN     d tan  or,  +  2rf  tan  a,      /—  tf      2a     /+  ^i; 
tan  Of  = = — ' ' J- 


Substituting  these  values  in  {a)  and  reducing,  we  have  as  the  condition  for  a  maximum, 

G  _G,-G, 
l~       a .    . 


(") 


To  satisfy  this  criterion  a  load  must  be  at  G. 

Eq.  (11)  is  easy  of  application  by  means  of  either  the  table  or  diagram. 

The  moment  at  E  is  equal  to  the  reaction  at  A  multiplied  by  AC,  minus  the  moment 

of  the  wheel-loads  to  the  left  of  C  about  C,  plus  the  moment  of  the  joint  load  at  G  about  C 

This  joint  load  is,  by  Art.  91,  equal  to  the  bending  moment  in  the  centre  of  a  beam  of  length 

2 
2d,  multiplied  by  -r.     Hence  the  moment  of  the  joint  load  G  about  C  is  equal  to  twice  the 

bending  moment  at  G  if  CD  were  a  stringer.  In  other  words,  the  total  moment  at  E  is  equal 
to  the  bending  moment  at  C  in  a  beam  AB,  plus  twice  the  bending  moment  at  G  in  the 
beam  CD, 

2d.  The  piece  EH. — When  the  stress  in  this  piece  is  a  maximum,  HF  is  not  in  action. 
Now  for  any  position  of  the  loads,  the  stress  in  EH  would  not  be  altered  if  HD  and  ED  were 
to  be  made  separate  parallel  pieces,  as  the  portion  CHD  would  then  form  a  separate  small 
truss.  But  this  small  truss  serves  merely  the  office  of  a  floor-stringer  in  carrying  loads  to  the 
joints  Cand  D.  Hence  the  stress  in  EH  is  the  same,  and  the  position  of  loads  for  a  maxi- 
mum stress  is  the  same,  as  for  ED  were  the  pieces  CH  and  HG  removed.  This  case  reduces 
then  to  the  case  of  Art.  103,  in  which  the  panel  length  is  CD. 

3d.  The  piece  EC. — For  this  piece,  as  for  EH,  we  may  consider  CH  and  HG  removed 
and  proceed  as  in  Art.  103. 

4th.  The  piece  CH  when  acting  as  a  tie, — Here  the  member  HD  is  not  in  action.  The 
same  process  applies  to  CH  as  applied  to  EH,  That  is,  consider  EH  and  HG  removed,  and 
find  the  maximum  stress  in  CF,  This  will  be  the  maximum  in  CH,  but  for  the  maximum  in 
HF  the  panel  to  be  considered  is  GD. 
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DOUBLE  SYSTEMS. 

Z06.  The  influence  line  for  either  chord  or  web  stress  in  a  truss  with  a  double  system  of 
bracing  is  made  up  of  straight  lines  of  many  different  inclinations.  Since  the  criteria  for 
maximum  values  contain  as  many  terms  as  there  are  different  inclinations  in  the  influence 
lines,  in  this  case  they  are  very  difficult  of  application. 

For  example,  take  the  Whipple  truss  of  Fig.  141.  The  centre  of  moments  for  the  chord 
member  FH  for  loads  on  the  full  system  is  at  C.  For  loads  at  the  joints  of  this  system  the 
ordinates  for  moment  at  C  are  ordinates  to  the  influence  line  A  IB',  While  for  loads  on  the 
dotted  system,  the  centre  of  moments  for  FH  is  at  Z?,  and  the  ordinates  for  moment 
at  D  are  ordinates  to  A' KB'.  Hence  the  influence  line  for  stress  in  FH  is  the  broken  line 
A'abcIKde. . . .  B\  The  points  a  and  i  are  taken  half-way  betweenyi'ATi?'  and  A'IB\  assuming 
the  loads  at  -Af  and  ^to  be  equally  divided  between  the  two  systems. 

The  influence  line  for  shear  in  panel  CE  of  the  full  system  is  the  full  broken  line  of  the 
lower  figure,  the  ordinates  to  this  line  being  zero  for  the  loads  at  joints  of  the  dotted  system. 
Loads  at  M  and  N  are  equally  divided. 

The  influence  line  for  shear  exhibits  in  a  striking  manner  the  effect  of  concentrated  loads 
upon  the  web  members  when  the  distance  between  the  loads  is  an  even  number  of  panel 
lengths.  As,  for  example,  two  engine  concentrations  when  the  panel  lengths  are  twenty-five 
feet,  the  length  of  a  locomotive  being  about  fifty  feet.     Panels  of  such  lengfth  are  therefore, 


Fig.  141. 

by  all  means,  to  be  avoided  in  a  double  system,  and  a  length  chosen  which  will  bring  the  con- 
centrations upon  different  systems. 

The  cumulative  effect  upon  chord  members  is  seen  to  be  very  small. 

In  computing  stresses  in  a  double-intersection  truss,  either  an  equivalent  uniform  load 
should  be  taken,  according  to  the  method  of  Chapter  VI,  or,  as  is  often  done,  such  a  position 
of  the  loads  should  be  selected  as  will  give  the  maximum  joint  load  at  the  end  panel,  and  this 
same  position  retained  for  all  the  chord  stresses.  For  web  stresses  the  load  should  be  moved 
one  panel  to  the  ri^t  each  time,  and  the  portion  of  the  load  going  to  the  joint  in  front 
neglected.  The  stresses  are  then  obtained  by  computing  the  panel  concentrations  for  these 
positions  by  Art,  iqi  and  treating  each  system  separately. 
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By  placing  the  loads  as  above  indicated  only  one  set  of  concentrations  is  required. 
This  method  is  applicable  to  either  parallel  or  inclined  chords.  In  the  latter  the  chords  are 
to  be  considered  as  straight  between  successive  joints  of  the  system  under  consideration. 

A  more  accurate  method  for  chord  stresses  would  be  to  find  the  position  of  the  loading  as 
for  moment  in  a  single-intersection  truss,  then  compute  the  corresponding  panel  concentra- 
tions and  find  the  stress  in  the  member  in  question,  as  above  explained.  This  would  involve 
the  computation  of  panel  concentrations  for  each  diflFerent  position,  but  would  probably  give 
stresses  very  near  the  exact  maximum. 

107.  Stresses  in  a  Whipple  Truss. — Let  us  take,  for  example,  the  truss  of  Fig.  142. 
Span  =  272  ft. ;  panel  length  =  ^/  =  17  ft. ;  height  =  A  =  38  ft.  Loading  to  be  as  given 
in  the  diagram  and  table.  The  method  of  panel  concentrations  will  be  used,  one  position  of 
the  loads  being  taken  for  all  chord  stresses. 


Fig.  143. 


I8t  Panel  Con€entrati4ms. — ^Wheel  4  at  ^  is  found  by  trial  to  give  the  maximum  load  at  b. 
By  6q.  (8),  p.  88,  any  panel  concentration,  P^ ,  =  — "^^ -j^ ^^^^ ,  where  M^ ,  M^  + , , 

and  Mn  .  i  are  the  summations  of  moments  at  the  joint  in  question  and  the  ones  to  the  right 
and  left  respectively,  and  d  is  the  panel  length. 

With  wheel  4  at  ^  we  have  the  following  positions: 


WheeL  Joint. 

4 * 

7 * 

9 ^ 


Distance  of 
Wheel  to  the 
left. 

ao 
a6 

7-0 


Whed. 


Ikdfi^ 


13 t 

15 ./ 

end  of  uniform ) 
load  ) 


g 


Distance  of 

Wheel  to  the 

lefL 

1.9 
04 


Calling  joint  a  zero,  we  have  the  following  values  of  M  with  wheel  4  at  ^: 

if,  =  369.2  —  8  X  18.4  =  222.0; 
JIf,  =  1460. 1  +    86  X  0.6  —  8  X  35.4  =  1228.5 
if,  =  2414.9  +  104  X  7-0  —  8  X  52.4  =  2723.7 
M^  =  491 1.5  +  142  X  1.9  —  8  X  69.4  =  4626.1 
M^  =  7478.2  +  181  X  2.8  —  8  X  86.4  =  7293.8 

(o.4y 

M^  =  1 1236.2  +  208  X  0.4  H —-  X  1.5  —  8  X  103.4  =  10492.3 

(17)* 
M,  =  10492.3  +  (200  +  0.4  X  1.5)  X  17  +  ^-7^  X  1.5  =  141 19.3. 
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The  values  of  P^  beginning  at  P^ ,  are : 


222.0 


P.  =  -^  =  I3X)6; 


_,       1228.5  —  2  X  222.0 

^.  = f^ =46.15; 

_       2723.7  —  2  X  1228.5  +  222.0 

/>,  = — ^-* =28.75; 

^         4626.1  —  2  X  2723.7  +  1228.5 
/>=^^ ^ij =23.95; 

_  7293-8  -  2  X  4626.1  +  2723,7       _^^^^. 

10492.3  "  2  X  7293-8+4626.1     _„„. 
/%  —  —  31.ZZ, 

p  -  141 19-3  -  2  X   10492.3  +  7293-8  _  . 

17  ^ 

Beyond  P^  the  concentrations  are  each  equal  to  a  panel  length  of  uniform  load  = 
17  X  1.5=25.5. 

2d.  Web  Stresses, — The  secant  of  the  angle  which  the  members  aB  and  Be  make  with  the 
vertical  =  4^17*  -f"  38*  -^  38  =  1.096;  and  that  of  the  angle  which  the  remaining  diagonals 
make  with  the  vertical  =  4^34"  +  38'  -h  38  =  1.342.  The  loads  at  b  and/  will  be  assumed  to 
be  equally  divided  between  the  two  systems. 

The  stress  in  aB  is  found  from  the  shear  in  ab^  with  P^  at  b.     We  have  then 

stress  in  aB  =  1.096  X  tVC^S  X  46.15  +  H  X  28.75  +  13  X  23.95  +  12  X  45.02 

+  II  X  31-22+  10  X  25.21  4.(9  +  8+  ...  +  i)  X  255]  =  25.2.7. 

For  Be,  /\  is  placed  at  e ;  whence 

stress  in  Be  =  1.096  X  tV[H  X  46.15  +  12  X  23.95  +  10  X  31-22 

+  (8  +  6  +  4  +  2+i)  X  25.5]  =  121.2. 
For  eC  and  Ce,  P^  is  at  e,  and  we  have 

stress  in  eC=-^[i2X  46.15+  »o  X  23.95  +  8  X  3i.22  +  (6  +  4  +  2 +i)  X  25.5]=  85.2; 
stress  in  Ce=  1.342  X  85.2  =  114.3. 

For  Bd,  P,  is  at  d,  and 

stress  in  Bd ^  1.342  X  tV[J3  X  46.15  +  n  X  23.95  +  9  X  31-22 

+  (7  +  5  +  3  +  4)  X  25.5]  =  129.1, 

For  dD  and  Df,  P,  is  at  /;  etc. 

The  maximum  stress  in  Bb  =•  P^=^  46.15. 

3d.   Chord  Stresses, — For  all  chord  stresses  P^  is  at  b, 

245.1       17 

The  stress  in  ae  =  hor.  comp.  aB  = >  x  -?;  =  loo.i. 

^  1.096      38 
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The  stress  in  any  other  chord  member,  as  DE^  is  found  by  obtaining  separately  the 
portion  due  to  each  system  and  then  adding  the  two  results.  For  the  full  system,  the  centre 
of  moments  is  at  e,  and  for  the  dotted  system  it  is  at  f. 

Abutment  reaction,  full  system 

=  iV[4X  46.15  X  15  +  14X28.75  +  12  X45-02  +  IOX  25.21 

+  (8  +  6  +  4+2  +  i)X  25.5]  =  129.0; 
whence,  stress  in  DE  due  to  loads  on  the  full  system 

=  [129.0  X  68  -  (i  X  46.15  X  51  +  28.75  X  34)]  -5-  38  =  174-2. 
Abutment  reaction,  dotted  system, 

=  Aft  X  46.15  X  15  +  13  X  23.95  +  II  X  31.22  +(9  +  7  +  5  +  3  +  i)  X  25.5]  =  101.6, 

and  hence  the  stress  in  DE  due  to  loads  on  the  dotted  system 

=  [  101.6  X  85  -  (i  X  46.15  X  68  +  23.95  X  34)]  -H  38  =  164.5. 

The  total  stress  in  DE  or  fg  therefore  =  174.2  +  164.5  =  338.7. 

The  stresses  in  the  other  chord  members  are  found  in  a  similar  manner,  using  the 
reactions  above  found.  Near  the  centre  of  the  truss  it  may  be  necessary,  in  selecting  the 
centre  of  moments,  to  find  the  sign  of  the  shear  in  one  or  both  of  the  systems  in  order  to 
know  which  diagonal  is  in  action.  This  is  easily  done,  as  the  abutment  reaction  and  panel 
loads  are  already  known. 

SKEW-BRIDGES. 

108.  Fig.  143  illustrates  a  skew-bridge  similar  to  that  of  Figs.  1 19-121,  p.  78.  As  in  Art.  86, 
the  loads  may  be  considered  as  apph'ed  along  the  centre  line  XY,  As  an  example,  let  us  find 
the  influence  line  for  moment  at  F.  Loads  from  c  to  /  will  evidently  have  the  same  effect 
upon  the  truss  AB  as  if  the  bridge  were  square  and  equal  to  AB  in  length.  The  influence 
line  from  c  to  i  will  then  be  the  portion  c"f"i'\  Fig.  144,  of  the  influence  line  A"f'B"  for 
moment  at /in  a  beam  of  length  AB,  Beyond  c"  and  /"  the  line  is  a  straight  line  with  zero 
ordinates  at  a'  and  b\ 

From  this  influence  line  the  criterion  for  maximum  moment  may  be  written  out.  It  is 
seen,  however,  that  the  true  influence  line  differs- but  slightly  from  A"f"B'\  and  as  regards 
t\i^  position  of  the  loads,  it  may  be  assumed  the  same.  Hence  for  a  maximum  moment  at  F 
the  average  unit  load  on  length  AF  must  be  equal  to  that  on  length  FB. 

For  moment  at  the  point  /  the  influence  line  would  be  straight  from  i  to  c,  and  in  that 
case  it  would  be  more  exact  to  make  the  average  load  on  the  length  ^/ equal  to  that  on  ib. 

The  influence  line  for  moment  at  /,  Fig.  143,  for  finding  the  stress  in  CD^  is  a'CD''i''b\ 
Fig.  145  ;  and  is  drawn  by  drawing  the  influence  line  A'T'B"  for  moment  at  /  in  a  beam  of 
length  ABy  and  then  drawing  the  straight  lines  aC" ,  C  'D"  and  i"b'. 

For  moment  at  /  for  stress  in  ^Cthe  influence  line  is  al'"i"b' ,  In  any  case  the  influ- 
ence line  may  be  drawn  and  the  exact  criterion  worked  out  if  desired  ;  or  an  approximate  one 
found  by  drawing  such  a  line  of  the  form  A'^f'B",  Fig.  144,  as  will  correspond  most  closely 
to  the  actual  influence  line.  The  criterion  is  then  the  ordinary  one  for  moments,  the  segments 
or  lengths  to  be  used  in  getting  average  load  being  in  any  case  the  distances  corresponding  to 
Ay  mdfB".     . 

The  position  of  loads  for  maximum  shear  or  web  stress  may  be  found  in  a  manner 
similar  to  that  explained  above.  The  same  criterion  as  for  shear  in  a  square  truss  may 
generally  be  employed,  using  the  truss  length  for  all  panels  except  the  end  ones,  while  for 
these  end  panels  use  the  truss  length  plus  aA'\  Fig.  144. 
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It  is  to  be  noted  that  the  above  approximate  methods  deal  only  with  the  positions  of  the 
loads  and  not  with  actual  stresses.  It  is  at  most  a  question  of  which  of  two  or  three  different 
loads  shall  be  at  the  point,  when  any  one  of  them  would  give  very  close  results.  In  most 
cases  the  approximate  methods  give  the  correct  wheel  and  hence  correct  results. 


.1 


F^o.  145. 


In  getting  stresses  all  loads  between  c  and  %  are  to  be  treated  in  the  same  way  as  in  a 
square  truss.  That  is,  one  half  acts  between  Cand  /of  truss  AB,  and  the  other  half  between 
C  and  B'  of  truss  A'B\  The  loads  from  ^  to  ^  and  from  i  to  b  are  best  treated  by  finding 
the  floor-beam  reactions  at  c  and  i  due  to  these  loads,  and  then  transferring  one  half  of  each 
floor-beam  load  to  each  truss.  The  trusses  are  then  treated  independently  in  the  ordinar> 
way* 
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CHAPTER  VI. 
CONVENTIONAL  METHODS  OF  TREATING  TRAIN   LOADS. 

109.  The  Train  Load  now  universally  taken  as  the  basis  of  calculations  consists  of  two 
locomotives  coupled  in  a  direct  position  and  followed  by  a  uniform  load  representing  the  train  load. 
A  great  variety  of  engine  loadings  has  been  used  by  the  various  railroad  companies,  each  road, 
as  a  rule,  selctting  a  loading  based  on  the  actual  weights  of  the  heaviest  locomotive  in  service  or 
to  be  anticipated  in  the  near  future.  Such  great  variety  in  specifications  for  loads  has  made  the 
calculation  of  stresses  by  exact  methods  a  somewhat  troublesome  question,  and  has  led  to 
numerous  proposed  conventional  systems  of  loads  which  will  give  approximately  the  same  results 
and  whereby  the  calculations  may  be  much  simplified. 

These  conventional  loads  are  of  two  kinds:  (a)  systems  of  standard  locomotive  loads 
agreeing  approximately  with  actual  loads  but  in  which  the  wheel  weight  and  spacing  are  modified 
to  secure  greater  simplicity;  (b)  systems  in  which  wheel-loads  are  not  used  at  all,  but  some 
simpler  "equivalent"  loads.  Of  the  first  class  the  loads  proposed  by  Mr.  Theodore  Cooper  are 
the  only  ones  that  have  come  into  extensive  use.  Of  the  latter  a  large  number  have  been 
proposed,  and  several  have  been  used  to  a  considerable  extent.  Mr.  J.  A.  L.  Waddell  has  proposed 
a  system  of  standard  wheel-loads,  and  at  the  same  time  has  derived  sets  of  equivalent  uniform 
loads  corresponding  thereto.* 

no.  Cooper's  Conventional  Wheel-loads — The  loads  proposed  by  Mr.  Theodore 
Cooper  in  1894  and  now  used  by  a  large  number  of  railroads  consist  of  a  series  of  standard 
loadings,  any  one  of  which  may  be  obtained  <rom  any  other  by  the  use  of  a  constant  multiplier. 
The  wheel  spacing  is  the  same  in  all.     One  of  these  loadings  is  shown  below. 

Cooper*s  £-40  Loading. 

00000  0000  o         oooo  0000. 

0000  0000  o  0000  OOQO* 


0000  0000  o  0000  000 


o 

CI 


0000  <D       <D  <D        ^  O  O        O        O        Q  to        to  V)        <D 

^       ^      ^       ^  ct      e*        a      ct  ct  ^      ^      ^       ^  mmoici 


4,000  LBS. 
PER  FT. 


n  pOOO  nppn  n  0000  Op  00 

Loads  given  are  for  Both  Rails. 

It  consists  of  two  consolidation  engines  with  40000-lb.  axle  weight,  followed  by  a  train  weigh- 
ing 4000  lbs.  per  foot.  This  loading  is  called  "  Class  £-40.''  Other  loadings  are  known  as  £-30, 
£-45,  £-50,  etc.  In  £-30  loading,  for  example,  the  axle  weights  are  30000  lbs.,  and  the  train 
load  is  3000  lbs.  per  foot.  The  great  advantage  of  such  a  system  of  loads  is  that  stresses  may  be 
calculated  for  any  loading  and  reduced  to  any  other  by  multiplying  throughout  by  a  constant 
factor.  A  single  moment  table  or  diagram  thus  suffices  for  all  classes.  Where  this  system  has 
been  adopted  the  classes  most  used  at  the  present  time  (1903)  are  £-40  and  £-50,  the  tendency 
being  towards  the  heavier  class. 

To  utilize  this  system  the  moment  table  on  p.  no  has  been  prepared.f  It  is  less  complete 
than  that  on  p.  93 ,  but  serves  almost  as  well.    It  is  computed  for  class  £-50  loading.    For  any 

♦  The  Compromise  Standard  System  of  Live  Loads  for  Railway  Bridges  and  Equivalents  for  same.  By  J.  A.  L. 
Waddell. 

f  After  one  prepared  by  Mr.  C.  L.  Strobel,  and  contributed  to  the  Id.  J?.  GaMet/^  of  Dec.  26,  1896,  by  Mr.  T.  L. 
Cor  iron.      • 


110 


MODERN.  PRAM  ED  STRUCTURES. 


COOPER'S   E-50  MOMENT    TABLE   FOR   TWO   ITTJ-TON    LOCOMOTIVES,    FOLLOWED   BY   5000   LBS. 

PER   LINEAR   FOOT   OF   TRACK. 

(loads  in  thousands  of  pounds.     moments  in  thousands  of  foot-pounds.) 

For  One  Rail. 


No.  of 
Wheel 

or 
Load. 


3 


6 


8 


9 


S 


3 


6 


8 


Distance 

from      I 
1st  Wheel.! 


Wheel 
Load. 


la.S 


Sum 

of 

Loads. 


12. ff 


o_?. 


25 


37-5 


e 
Dist'ce 

be- 
tween 

Wheels. 


OJL3 


0_18 


O    ga 

O      88 


O      37 
O      43 


O      48 


O      ^ 


0_Zi 


o_zi. 

« 

88 


P- 


$ 


99 


6104 


as 


25 


as 


i6. as 


i6.2S 


i6. as 


l6.25 


12-5 


25 


25 


25 


25 


i6.  95 


16.25 


16.25 


16.25 


355 


8 


62. ff 

5 

87  ff 

5 

112. ff 

5 

128. 75 

9 

145 

5 

161. 25 

6 

177. 5 

5 

190 

8 

215 

8 

240 

5 

265 

5 

290 

5 

306.25 

9 

322.5 

5 

338.75 

6 

/  g 

Incre- 
ment of     Moment. 
Moment. 


100 

187.5 

312.5 

437.5 


loi.as 


643.75 


870 


806.25 


1420 


1520 


1075 


Z200 


1325 


2610 


1531.25 


1935 


1693.75 


100 


287. 5 


600 


1037. 5 


2050 


2693. 75 


3563. 75 


4370 


5700 


7310 


8385 


9585 


10910 


13520 


15051. 25 


16986. 25 


18680 


k ^50 >k 


— ^150- 


No.  of 
Wheel 

or 
Load. 


19 


20 


21 


22 


23 


24 


25 


26 


27 


28 


29 


30 


31 


32 


33 


34 


35 


36 


37 


38 


39 


40 


Distance 

from 
i8t  Wheel. 


i      114 




H       124 


I 

\       134 


^      154 


'A 

^     174 

(J  


184 


i     ^04 


-224 


\       144 

I 

164 


Wheel 
Load. 


5 


\ 


194 


214 


234 


^      244 

\  — 

254 

\   

\      264 


274 


\      284 

\ 

^      294 


\       304 


i     314 
324 


25 


25 


25 


25 


25 


25 


25 


25 


25 


25 


25 


25 


25 


25 


25 


25 


25 


25 


25 


25 


25 


25 


d 

Sum 

of 
Load?. 

e 

Dist'ce 

be. 

tween 

Wheels. 

380 

10 

405 

10 

430 

10 

455 

10 

f 

Incre- 
ment of 
Moment. 


480 


505 


530 


555 


580 


605 


630 


655 


680 


705 


730 


755 


780 


805 


830 


855 


880 


905 


3550 


3800 


zo 


zo 


zo 


10 


zo 


zo 


zo 


zo 


zo 


zo 


10 


zo 


10 


10 


zo 


zo 


10 


zo 


4050 


4300 


4550 


4800 


5050 


5300 


55SO 


5800 


6050 


6300 


6550 


6800 


7050 


7300 


7550 


7800 


8050 


8300 


8550 


8800 


Moment. 


22230 


26030 


30080 


34380 


38930 


48730 


48780 


54080 


59630 


65430 


71480 


77780 


84330 


91130 


98180 


105480 


113030 


120830 


128880 


137180 


145730 


154530 


To  iOustnite  how  the  table  is  used,  the  following  example  is  given  of  a  aoo-ft.  span  of  eight  panels. 


"N^th  wheel  4  at  c.we  have: 

Length  of  bridKc  to  riRht  of  t 

•  *       "  train  to  left  of  4  (from  table). 


Total  length  of  train  on  bridge 

Nearest  point  of  train  load  in  tabic  (load  24). 


Distance  frf>ni  load  pr>int  24  to  end  of  truss. 
Total  weii^lit  of  train  to  point  24  (from  table).. 


Incremrnt  of  moment  to  bo  added. 


Z50  ft, 
z8  ••• 


z68  ft. 
164". 


4   ft. 
50s  lbs.  (thousands) 


Moment  of  entire  train  abnit  point  24  (from  tabic) 43.7.^o 


2.020  J't. -lbs.  (thousands) 


NJ 


Total  moment 45i75oX|  — iz,437 

Negative  moment  about  wheel  4 600 


Required  moment  at  c  (thousands  of  ft.-lbs.). 


10,837 
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other  class  take  the  corresponding  proportion  of  the  stresses  found  by  the  use  of  this  table-  The 
particular  wheel  to  put  at  any  joint  is  found  as  described  in  Chapter  V.  By  comparing  this  table 
with  that  on  page  93  it  will  be  found  that  the  moments  given  in  the  former  in  column  g  correspond 
to  those  given  in  columns  10  and  i  of  the  latter,  reading  from  the  bottom  upwards  in  this  case. 
The  train  load  is  here  considered  as  made  up  of  a  series  of  concentrated  loads  ten  feet  apart. 
This  enables  the  table  to  be  extended  as  far  as  desired  and  greatly  facilitates  the  calculations.  Thv 
make-up  of  the  table  is  evident  from  the  headings.  The  values  in  column  /  are  of  use  only  in  com- 
piling the  other  results.    The  moments  and  weights  refer  to  those  on  one  rail  only. 

In  the  following  table  are  given  for  the  £-50  loading  the  maximum  bending  moments  and 
the  maximum  shears  at  end,  centre,  and  quarter  points  for  beams  from  10  to  100  feet  in  length 
and  the  maximum  floor-beam  concentration  for  panel  lengths  from  10  to  44  feet.  The  shears 
at  I  he  quar  er  point  and  at  the  center  may  be  found  very  closely  by  taking  fths  and  ^ths, 
respectively,  of  the  other  shear. 

MAXIMUM  MOMENTS,  SHEARS,  AND  FLOOR-BEAM  CONCENTRATIONS  FOR  COOPER'S  E-60  LOADING 

(1000-POUND  UNITS). 
For  One  Rail. 


'r' 

Max.  Mom. 

Max.  End 

Max.  Floor- 

S^n. 

Max.  Mom. 

Max.  End 

near  Centre. 

Shear 

beam  Load. 

near  Centre. 

Shear. 

10 

70-3 

37-5 

50.0 

46 

1036.9 

103.5 

II 

82.1 

40.9 

54.6 

48 

IIIO.O 

106.0 

12 

100. 0 

43.7 

58.3 

50 

1188.8 

108.9 

13 

1x8. 7 

46.1 

61.6 

52 

1268.7 

III. 6 

14 

137-5 

48.2 

65.2       ' 

54 

1351.2 

114. 0 

15 

156.2 

50.0 

68.3       , 

56 

1440.0 

116. 2 

16 

175-0 

53-1 

71. 1       , 

58 

1528.6 

119. 2 

17 

193.7 

55.9 

73.5       ' 

60 

1624.5 

122.0 

18 

212.5 

58.4 

75-8 

62 

1720.5 

125.1 

19 

233-3 

60.5 

78.6 
Si. 9      , 

64 

1819.4 

128.3 

20 

257.8 

62.5 

66 

1924.2 

131-2 

21 

282.5 

64.3 

85.0 

68 

2029.5 

134-7 

22 

307.1 

65.9 

87.7  ; 

70 

2134.3 

138.1 

23 

331.8 

67.4 

90.2 

72 

2240.0 

141. 7 

24 

356.5 

69.3 

92.5  1 

74 

2348.8 

145-4 

25 

381-3 

71.0 

94.6  1 

76 

2463.7 

148.8 

26 

406.0 

72.6 

97. T  1 

78 

2580.5 

152. 1 

27 

430.8 

74.1 

100. I  I 

80 

2700.5  . 

155.2 

28 

456.9 

75-5 

102.9  1 

82 

2820.5 

158.6 

29 

484.9 

76.9 

105.4 

84 

2945-8 

161 .9 

30 

513-2 

78.8 

107.8 

86 

3074.3 

'?§•' 

31 

541. 1 

80.5 

no. 6 

88 

3205.1 

168.4 

32 

569.3 

82.2 

"3-7      1 

90 

3338.0 

171-5 

33 

597.2 

83.7 

116. 7      1 

92 

3470.0 

174.7 

34 

625.5 

85.1 

119. 4 

94 

3607.0 

177.9 

35 

653.8 

86.5 

122.0 

96 

3743-0 

181. 0 

36 
37 
38 
39 
40 

685.7 

717-9 
750.0 

783.4 
81Q.4 

88.2 

98 
100. 

3883.0 
4025.0 
4422.0 

184.4 

89.9 
91.4 

92.9 

94.3 

97-6 

100.7 

....../.,. 

187.5 

195-1 
202.5 

200. 0 

105 
no 

4859.0 
5306.0 
5768.0 
6245.0 

"5 
120 

42 

891.9 
964.4 

•  *•  •••  •  •■•• 

7     y 

217. 1 

44 

••""••••••1 

125 

224.3 

» 

XIX.  Conventional  Systems  of  Equivalent  Loads.— The  refinements  of  calculation  by  the 
wheel-load  method  are  entirely  unwarranted  by  the  conditions  under  which  a  bridge  is  actually 
loaded.  In.stead  of  the  load  being  stationar)-,  as  assumed,  it  is  moving  at  a  high  rate  of  speed, 
and  the  stresses  arising  from  the  impact  and  vibration  due  to  unbalanced  locomotive  drivers, 
inequalities  of  track,  etc.,  are  a  large  and  variable  percentage  of  the  statically  determined  stresses 
These  considerations,  together  with  the  somewhat  lengthy  process  of  stress  calculation  by  the 
wheel-load  method,  has  led  to  a  considerable  use  of  various  kinds  of  simplified  equivalent  loads. 
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For  ordinary  bridges,  however,  there  is  really  not  much  gained.  The  selection  of  sucli  eqmvi- 
lent  loads  is  somewhat  troublesome.  The  actual  loads  on  the  bridge  are  the  engine  wheel-loads, 
and  to  substitute  for  them  some  other  form  of  loading  requires  a  careful  study  of  the  relative  results 
given  by  the  two  systems,  as  the  fitness  of  any  equivalent  load  method  must  be  based  finally  upon 
its  agreement  with  the  wheel-load  method.  Since  the  introduction  of  Cooper's  conventional  engine 
loadings,  whereby  the  work  of  calculation  is  greatly  simplified,  there  is  little  demand  for  any  sim- 
pler form  of  load  for  ordinary  bridges.  For  complex  structures,  such  as  arches,  cantilever  bridges, 
etc.,  especially  if  of  long  span,  some  form  of  equivalent  load  is  often  desirable.  For  double-inter- 
section trusses  also,  the  wheel-load  method  is  diflicult  to  use,  as  shown  in  the  preceding  chapter. 

Of  the  class  of  conventional  loads  here  considered  there  are  three  that  have  been  used  to  a 
considerable  extent  and  deserve  mention. 

First,  The  use  of  two  concentrated  excess  loads,  placed  fifty  feet  apart,  which  may  occupy 
any  position  in  the  uniform  train  load,  and  which  may  be  conceived  as  rolling  across  the  span  on 
top  of  the  train  load.  They  would  be  near  the  head  of  the  train  for  shears,  and  one  of  them  at  the 
joint  in  question  for  moments.  This  is  a  fair  substitute  for  wheel  concentrations  on  double-inter- 
section trusses,  as  it  brings  out  the  eflFect  of  the  driver  concentrations  upon  the  separate  web  systems. 
An  example  of  its  use  on  swing  bridges  is  given  on  p.  187. 

Second.  The  use  of  one  such  concentrated  excess  load  in  place  of  two,  it  always  being  at  the 
joint  in  question,  while  the  train  load  covers  the  whole  span  for  maximimi  moments,  and  reaches 
to  a  particular  point  in  the  panel  in  question  for  maximum  shears.  This  method  has  been  used 
to  a  considerable  extent.  For  moments  it  gives  the  same  results  as  the  use  of  a  uniform  load;  for 
shears  or  web  stresses  the  results  are  nearly  correct  for  the  panels  near  the  end,  but  are  considerably 
too  high  for  those  near  the  centre.* 

Third.  The  use  of  an  equivalent  uniform  load.  This  is  the  simplest  possible  form  of  equiva- 
lent load,  and  this  fact  has  led  to  many  attempts  to  secure  its  general  adoption.  For  short  girder 
spans  its  accuracy  is  hardly  sufficient,  nor  is  its  use  of  much  advantage  since  a  table  such  as  that 
given  on  p.  Ill  is  all  that  is  necessary  with  the  wheel-load  method.  For  spans  over  100  feet  in 
length  it  will  give  results  accurate  to  within  2  or  3  per  cent  for  most  members  if  the  load  is  properly 
selected,  and  for  such  spans  it  furnishes  a  desirable  substitute  for  the  wheel-load  method.  For  very 
long  spans  and  for  complex  structures  it  is  much  preferable  to  the  wheel-load  method.  The  method 
of  determining  the  proper  equivalent  load  and  the  accuracy  of  its  use  will  now  be  considered. 

II2,  The  Equivalent  Uniform  Load  System.— ^The  moment  diagram  for  a  imiform  load 
acting  upon  a  simple  beam  is  a  parabola;  also  the  curve  of  maximum  moments  in  a  beam  due  to  a 
single  moving  load  is  a  parabola  (Art.  66).  For  a  series  of 
concentrated  loads  the  moment  curve  varies  only  a  little 
from  a  parabola,  the  actual  curve  from  the  usual  engine 
loading  being  a  little  flattened  at  the  centre  and  having  a 
little  sharper  curvature  towards  the  ends  of  the  beam  as 
compared  to  a  parabola.  If  a  parabola  be  drawn  having 
the  same  average  ordinates  as  the  actual  curve,  the  two  curves 
will  cross  at  about  the  quarter-point.     In  Fig.  146  the  dotted 

line  represents  the  actual  curve  of  maximum  moments,  and  -T"^    ^ 

the  full  line  the  parabola.  From  these  considerations  it  is 
seen  that  the  uniform  load  which  will  give  the  same  average 
moments  as  the  actual  wheel-loads  is  such  a  load  as  will  give  the  same  moment  near  the  quarter- 


•  For  a  full  discussion  of  this  system  see  Trans.  Am.  Soc.  C.  E.,  Vol.  XV,  p.  474,  Vol.  XXI,  p.  575. 
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t)oints.     To  determine  such  load  we  may  then  calculate  the  actual  maximum  moment  at  the 
quarter- point,  place  it  equal  to  the  moment  caused  by  a  uniform  load  of  p  per  foot,  and  solve  for  p* 
For  a  uniform  load  p  per  foot  the  moment  at  the  quarter-point  in  a  beam  of  length  /  is  equal 
to  -ffpl^*    If  M^  is  the  actual  maximum  moment,  then  we  have 


whence 


3^ 


,.32^ 


3    P 


(I) 


This  is  the  uniform  load  desired. 

Having  found  this  uniform  load  for  the  span  in  question,  the  moments  and  chord  stresses  are 
calculated  as  explained  in  Chap.  IV. 

For  shears  or  web  stresses  the  use  of  the  same  load  as  for  moments  would  give  too  small  results, 
as  the  effect  of  the  heavj'  concentrations  is  relatively  greater  for  a  partially  loaded  bridge.  In  thiL 
case  a  diflferent  uniform  load  should  be  assumed  for  each  panel,  the  load  increasing  as  the  length 
of  bridge  loaded  becomes  shorter.  This  unijorm  load  may  be  taken  as  the  equivalent  load  for  moments, 
found  by  eq.  (i),  jor  a  length  oj  span  equal  to  the  loaded  length  oj  the  bridge.  The  shears  or  web 
stresses  should  then  be  calculated  by  the  conventional  method  used  throughout  Chap.  IV. 

By  preparing  a  table  of  equivalent  loads  for  various  span  lengths  this  method  of  calculation 
becomes  very  simple  and  is  especially  advantageous  for  trusses  with  curved  chords  or  subdivided 
panels.  By  calculating  the  stresses  first  for  a  uniform  load  of,  say,  looo  lbs.  per  foot  the  true  stress 
in  any  web  member  is  found  by  multiplying  the  stress  so  found  by  its  proper  equivalent  load 
expressed  in  thousands  of  pounds. 

Below  are  given  the  equivalent  uniform  loads  for  various  span  lengths  for  Cooper's  class 
£-50,  as  calculated  from  eq.  (i).  This  table  will  be  found  of  service  not  only  for  simple 
trusses,  but  also  for  arches,  swing  bridges,  etc.  For  an  example  of  its  application  to  swing  bridges 
see  p.  2i6. 

EQUIVALENT  UNIFORM  LOADS  FOR  COOPER'S  CLASS  E-50. 

For  moments  use  load  for  given  span;   for  shears  or  web  stresses  use  load  for  span  equal  to  loaded  length 

of  bridge,  including  panel  in  question. 


Span, 
Feet. 


50 

60 

70 

80 

90 

100 

no 

120 


1 

Gquiv.  Load, 
Lbs.  per  Ft. 

Span, 
feet. 

3930 

130 

3700 

140 

3530 
3470 

150. 
160 

3420 
3370 

170 
180 

•  3320 
3280 

190 
200 

F^uiv.  Load. 
Lbs.  per  Ft 

3240 
3IQO 

3150 
3100 

3070 

3050 
3020 

3000 


St>an, 
Keet. 


220 
240 
260 
280 
300 

350 
400 
500 


Equiv.  Load, 
Lds.  per  Ft. 


2950 
2910 
2880 
2850 
2830 
2780 
2730 
2660 


Example. — Calculate  the  moments  and  shears  in  a  Pratt  truss  of  200  ft.  span  having  eight  panels. 

By  the  above  table  the  equivalent  uniform  load  for  moments  is  3000  lbs.  per  foot.  The  moments  due  to 
such  a  load  are  given  in  the  table  below.  The  shears  are  first  found  for  a  uniform  load  of  1000  lbs.  per  foot 
by  eq.  (18)  of  Cliap.  IV.  These  shears  are  respectively  87.5.  65.6,  46.9,  31.2,  and  18.7.  Then  multiplying 
these  by  the  equivalent  loads  for  spans  of  200  ft..  175  ft.,  150  ft.,  etc.,  we  have  the  shears  of  the  fifth  column 
of  the  table.     For  comparison  the  moments  and  shears  calculated  from  the  actual  wheel-loads  are  also  given, 
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and  the  errors,  in  per  cent  of  the  uniform-load  method.  These  errors  vary  from  —3.2  per  cent  at  the  end, 
for  both  moments  and  shears,  to  +1.3  per  cent  at  the  centre  for  moments  and  +12  per  cent  for  the  counter* 
shear  in  the  first  panel  on  the  right  of  the  centre.  These  results  are  fairly  representative  of  what  may  be 
expected  by  this  method.  When  the  dead-load  stresses  are  added  the  relative  error  of  course  becomes  less» 
and  the  longer  the  span  the  less  this  error. 


No.  of  Joint 
or  Panel 
from 
Left  End. 

Moments. 

Shears.                           1 

By  Bquiv. 
LSd. 

By  Wheel, 
loads. 

Difference 
Per  Cent. 

By  Bquiv. 

By  Wheel, 
loads. 

Difierenoe 
Per  Cent. 

I 
3 

3 
4 
5 

6560 
1 1 240 
14060 
15000 

6780 
1 1 240 
14000 
14800 

-3-2 
0 

+  0.4 

+  1.3 

262.5 
200.7 

147-7 
101.7 

63.0 

271.4 

204.7 

147.5 

97.9 

56.4 

-3.2 
—  2.0 
+0.1 
+  4.0 
+  12 
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CHAPTER  Vn. 
LATERAL  TRUSS  SYSTEM& 

113.  The  lateral  pressure  upon  a  bridge-  or  roof-truss  arising  from  wind,  or  the  centrifugal 
force  due  to  loads  moving  in  a  curve,  are  resisted  by  means  of  lateral  horizontal  trusses  placed 
between  the  chords  of  the  vertical  trusses.  The  chords  of  the  vertical  trusses  thus  form  the  chords 
of  the  lateral  trusses.  Roof-trusses  are  usually  braced  laterally  in  pairs,  the  end  pair  taking  the 
greater  part  of  the  end  pressure,  the  others  being  merely  stiffened  against  buckling,  according 
to  the  judgment  of  the  engineer.  The  stresses  in  the  end  lateral  system  are  computed  in  the  same 
way  as  are  those  in  the  lateral  systems  of  bridge-trusses,  which  will  be  discussed  in  detail. 

The  lateral  systems  of  a  bridge  are  usually  of  the  Pratt  type  for  trusses  and  through-girders, 
and  of  the  Warren  type  for  deck-girders.  Fig.  147  shows  the  upper  and  Fig.  149  the  lower  lateral 
system  of  a  through  Pratt  truss,  Fig.  148.  The  wind  pressure  may  be  from  either  direction,  hence 
both  sets  of  diagonals  are  required  throughout.     The  floor-beams  usually  form  the  transverse 
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Fig.  148. 


'Txixixiyixiyi 
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members  of  the  lower  lateral  system  in  a  through-bridge,  and  of  the  upper  lateral  system  in  a  deck- 
bridge.  The  loads  upon  the  upper  laterals  of  Fig.  148,  or  upon  the  lower  laterals  of  a  deck-bridge 
supported  as  in  Fig.  150,  are  carried  by  them  to  the  points  C  and  D  or  C  and  D',  and  are  then 
transferred  to  the  abutments  at  A  and  B  by  means  of  portal  bracing  in  the  transverse  planes  of 
AC  and  BD.    Two  forms  of  such  bracing  are  shown  in  Fig.  148  (a)  and  Fig.  150  (a). 

114.  Upper  and  Lower  Lateral  Trusses. — ^The  wind-pressure  upon  a  bridge  is  usually 
assumed  on  the  basis  of  about  50  lbs.  per  square  foot  on  the  unloaded  structure  and  about  30  lbs. 
per  square  foot  on  the  loaded  structure  and  its  load,  the  exposed  area  of  the  bridge  being  found 
by  adding  the  area  of  the  vertical  projection  of  the  floor  system  to  twice  the  vertical  projection, 
of  one  truss.  The  pressure  upon  the  upper  half  of  the  truss  is  assumed  to  be  taken  by  the  upper 
laterals,  and  that  upon  the  lower  half  by  the  k)wcr  laterals.  The  pressure  upon  the  load  is  assumed 
to  be  all  taken  by  the  lateral  system  belonging  to  the  loaded  chord ;  but  if  this  pressure  is  applied 
some  distance  above  the  plane  of  the  laterals,  the  overturning  effect  must  also  be  considered.  This 
effect  is  separately  discussed  in  Art.  116. 

In  addition  to  wind  pressure,  a  bridge  is  subjected  to  considerable  lateral  forces  due  to  vibra- 
tionandthe  impact  of  moving  loads,  especially  in  the  case  of  railway  bridges;  and  to  secure  desired 
rigidity  it   is   usual  to   specify,   for   all  but   the   longer  spans,  lateral  forces   considerably    in 
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excess  of  those  which  would  be  obtained  by  the  uses  of  the  imit  pressures  above  mentioned. 
Thus  Cooper  specifies  for  highway  bridges  a  pressure  of  150  lbs.  per  lineal  foot  for  the  laterals 
of  the  unloaded  chord  and  300  lbs.  per  foot  for  those  of  the  loaded  chord,  150  lbs.  of  the  latter 
to  be  treated  as  a  moving  load;  for  spans  exceeding  300  feet  add  to  each,  10  lbs.  per  foot  for  each 
additional  30  feet.  For  railway  bridges  he  specifies  1 50  lbs.  for  the  bracing  of  the  unloaded  chord 
and  600  lbs.  for  the  loaded  chord,  450  lbs.  of  the  latter  to  be  treated  as  a  moving  load 
and  as  applied  at  a  distance  of  6  feet  above  base  of  rail.  For  the  imloaded  chord  the  same  increase 
for  long  spans  is  provided  as  in  highway  bridges.    Compare  the  specifications  of  Appendix  A. 

With  the  load  per  foot  known  the  stresses  are  readily  found  by  the  methods  of  Chapter  IV. 
The  loads  on  the  lateral  system  of  the  loaded  chord  should  be  assiuned  as  all  applied  on  the  wind- 
ward side;  those  on  the  lateral  system  of  the  unloaded  chord  may  be  assumed  as  applied  equally 
on  the  two  sides,  although  to  assume  them  all  applied  on  the  windward  side  would  be  sufficiently 
accurate,  as  the  only  effect  would  be  to  increase  the  stress  in  each  strut  by  one-half  panel  load,  a 
matter  of  no  practical  consequence.  In  modem  practice  the  diagonal  members  are  usually  made 
of  forms  capable  of  resisting  compressive  stresses  (rigid  bracing),  but  unless  the  unsupported  length., 
of  the  diagonals  are  comparatively  small  they  should  be  assumed  to  act  in  tension  only.  Where  they 
are  sufficiently  well  supported  to  act  as  effective  compression  members,  then  the  lateral  shear  may 
be  assumed  to  be  carried  equally  by  the  two  diagonals,  one-half  in  tension  and  one-half  in  com- 
pression. 

An  example  of  well-supported  diagonals  is  the  lower  lateral  system  of  a  through-bridge  where 
the  diagonals  are  attached  to  the  stringers  and  to  each  other  at  the  several  points  of  intersection. 

The  chord  stresses  of  the  lateral  trusses  must  be  combined  with  the  stresses  in  the  chords 
of  the  vertical  trusses  due  to  dead  and  live  loads.  The  chord  members  also  receive  some  stress 
from  the  "overturning  effect"  above  mentioned,  and  a  still  further  amount  from  the  action  of 
the  portal  bracing,  as  explained  later;  so  that  the  total  wind  stresses  may  add  a  very  large  per- 
centage to  the  dead-  ^nd  live-load  stresses,  or  they  may  act  to  reverse  those  stresses.  See 
Chap.  XXI.  for  example  of  complete  calculations. 

Example  i. — Find  the  stresses  of  the  lateral  systems  of  Figs.  148  and  150,  where  AB=  120  ft.  and 
CC=i7  ft.  Pratt  system  of  laterals.  Pressure  on  CD=  100  lbs.  per  foot,  and  upon  AB  =  2oo  lbs.  per 
foot ;  all  to  be  taken  as  a  moving  load. 

Example  2. — Find  the  stresses  in  the  lower  laterals,  Fig.  148,  for  a  pressure  of  150  lbs.  fixed  and  300  lbs. 
moving  load  per  foot.  The  diagonals  are  angle-irons  riveted  to  stringers  and  floor-beams  and  are  assumed 
to  resist  in  tension  and  compression  equally. 

Lateral  Trusses  for  Bridges  with  Inclined  Chords, — In  this  case  the  lateral  system  belonging 
to  the  chord  which  is  inclined  does  not  lie  in  one  plane,  but  in  several  planes.  The  exact  deter- 
mination of  all  the  wind  stresses  is  a  matter  of  considerable  difficulty,  but  the  stresses  in  the  laterals 
themselves  will  be  correctly  determined  by  considering  the  truss  flattened  out  into  one  plane  and 
calculating  the  stresses  as  for  the  ordinary  case.  The  panel  lengths  will  not  be  equal,  but  v.  ill 
be  the  same  as  the  actual  lengths  of  the  chord  segments.  The  joint  loads,  however,  may  still  be 
taken  as  equal  and  obtained  by  multiplying  the  specified  wind  load  per  foot  by  the  horizontal  panel 
length.  The  chord  stresses  resulting  from  this  method  of  analysis  will  be  somewhat  in  error,  and 
there  \^ill  also  be  certain  stresses  in  the  web  members  of  the  vertical  truss  that  will  not  be  deter- 
mined.    These  errors  and  omissions  are  of  no  practical  importance. 

115.  Portal  Bracing. — The  wind  pressure  against  the  upper  chord  of  a  through-bridge 
is  carried  by  the  upper  laterals  as  far  as  the  end  joints  of  the  upper  chord.  From  these  it  must 
be  transferred  to  the  abutment  by  means  of  the  portal  bracing  in  the  plane  of  the  end  posts. 
Several  forms  of  portal  bracing  will  now  be  analyzed.  In  all  cases  the  end  posts  themselves  con- 
stitute an  essential  part  of  the  bracing. 
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{a)  The  Plate-girder  Portal. — Let  Fig.   151  represent  such  a  portal  projected  on  a  plane 
parallel  to  the  plane  of  the  end  posts.    Let  C  be  the  actual  length  of  the  end  posts,  b  the  width 
centre  to  centre  of  trusses,  and  c  the  effective  depth  of  portal 
beam.    The  load  brought  to  the  portal  by  the  upper  laterals 
may  be  considered  as  all  appUed  at  the  windward  side  C. 
In  addition  to  this  load  there  is  a  panel  wind  load  acting 
on   the  joints  C  and  C,  but  which  for  simplicity  will  be 
assumed  as  all  applied  at  C.    The  total  load  at  C  will 
then  equal  the  shear  in  the  end  panel  of  the  lateral  truss, 
plus  one  panel  wind  load.     Call  this  total  load  P.    The  only 
other  external  forces  acting  in  the  plane  of  the  portal  arc      - 
the  reactions  at  A  and  A\    Let  these  be  represented  as 
shown.    The  end  posts  will  for  the  present  be  assumed 
as  hinged  at  A  and  A'. 

The  reactions,  being  four  in  number,  cannot  be  exactly  determined  by  statics.     It  is  cus- 
tomary, and  nearly  correct,  to  assume  //  =  //',  whence  wc  readily  get 


\^ 


Fig.  151. 


(a)i 


and 


■f^=-E^'=J (I) 


F=F'=P 


(2) 


0 

When  we  come  to  consider  the  stresses  produced  in  the  portal  by  these  external  forces  the 

structure  should  be  thought  of  as  an  irregular  continuous  beam,  A'OCA,  made  up  of  three  beams 

.rigidly  connected.    The  nature  of  the  stresses  will  be  appreciated  from  an  inspection  of  Fig.  152, 

which  represents  in  an  exaggerated  manner  the  distorted  structure.  Each 
of  the  end  posts  will  be  subjected  to  certain  bending  moments  and 
shears  besides  the  direct  stress  V  or  P.  The  portal  girder  will  likewise 
have  moments,  shears,  and  direct  stresses.  It  has  a  point  of  inflection 
at  the  centre. 

The  bending  moments  in  the  posts  will  be  a  maximum  at  D  and  D\ 
and  at  those  points  will  be  equal  to 


(3) 


Fig.  152. 


The  shear  in  each  post  is  equal  to   BT  =  — ,  and  the  direct  stresses  are 


V'  =  V=Pj,  tension  in  AC  and  compression  in  A'C\     The  maximum  fibre  stress  will  occur  on 

the  right  side  of  the  leeward  post  at  17  where  the  stress  due  to  bending  moment,  the  stress  due  to 
V'j  and  that  due  to  dead  and  live  loads  on  the  main  truss  are  all  compressive.  Each  post  must 
then  be  designed  to  resist  this  stress.  The  shears  in  the  posts  are  not  often  needed  in  designing,  ])ut 
it  is  important  to  know  that  they  exist. 

To  find  the  stresses  in  the  girder  pass  a  section  at  a  distance  x  from  C  and  consider  the 
structure  on  the  left  (Fig.  151,  a).  Let  F^  and  F^  be  the  flange  stresses  and  5  the  shear,  assuming 
the  moment  carried  entirely  by  the  flanges.    Then  with  moment  centre  at  the  upper  flange  we 

derive  the  value 

'c      c    \ 

2-bV  ' 


F,^ 


H'c  -  V'x 


(4) 
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Pc 
For  x^o.  -Fa= — : 

26 


for  x='j  F^^o'y      and  for  x^b^  F^  = 

2  26 


Pc 


That  is  to  say,  the  lower  flange  stress  is  zero  at  the  centre  and  has  a  value  of  —  at  the  ends, 

compression  at  the  leeward  end  and. tension  at  the  windward.    Likewise  with  moment  centre 
at  the  lower  flange  we  derive 


i^i  = 


H'(c-e)-V'x 


P 

2* 


(5) 


This  stress  is  maximum  tensile  at  the  left  end  and  maximum  compressive  at  the  right,  and  is  every- 

P 

where  equal  but  opposite  to  the  lower  flange  stress,  plus  a  compression  of  — ,    At  the  centre  it  is  equal 

to  a  rompiession  of  -^. 


The  value  of  the  shear  is  at  all  points  equal  to 


5=F'=Pj-. 


(6) 


Where  end  floor-beams  are  not  used  a  strut  AA^  must  be  inserted  to  transfer  a  part  of  the 
load  brought  to  A  over  to  A\    The  total  load  brought  to  A  from  the  upper  laterals  and  portal 

P 
is  equal  to  -.    From  the  lower  laterals  it  receives  a  load  equal  to  the  shear  in  the  end  panel  of 

the  lower  laterals,  plus  the  load  applied  directly  at  A  ]  call  this  load  P'. 

At  the  fixed  end  of  the  span  the  load  transmitted  by  the  strut  may  be  assumed  to  be  that  neces- 

P' 
sary  to  equalize  the  loads  at  A  and  A\     This  will  be  — .     At  the  expansion  end  the  horizontal 

resistance  at  A  may  be  assumed  as  equal  to  the  frictional  resistance  of  the  shoe  on  the  rollers, 
although  provision  is  always  made  against  lateral  movement.     The  stress  in  ^4^4'  will  then  be 

P      .  . 

equal  to  P'+    -  minus  this  frictional   resistance.     The   latter  will  be  determined   from  the  net 

reaction  at  A,  adding  together  the  reactions  due  to  vertical  loads,  the  negative  reaction  V  sin  S, 
and  that  due  to  the  overturning  efi^cct  of  the  wind  against  the  train.  The  most  unfavorable  case 
will  probably  be  when  the  bridge  is  loaded  with  a  train  of  minimum  weight  (about  8oo  lbs.  per 
foot).     The  coefficient  of  friction  may  be  taken  at  J. 

(b)  The  Lattice  Portal  (Fig.  153). — The  stresses  in  the  end  posts  will  be  tlia  same  as  in  the 

plate-girder  form. 

The  stresses  in  the  web  members  are  found  from 
the  shear.  As  the  shear  is  constant  throughout  the  girder 
it  follows  that  the  stresses  in  the  web  members  are  con- 
stant and  that  therefore  the  shear  on  any  section  p  is 
equally  distributed  among  the  web  members  cut.  If 
n  is  the  number  cut  by  a  vertical  section  (number  of 
systems  of  bracing),  then  the  vertical  component  of  the 
stress  in  any  web  member  is 


w  ^x   >, 


H 


'K 


A' 


(a) 


^"'  n      bn' 


(7) 


Half  of  the  members  will  be  in  tension  and  half  in  compression,  but  when  the  wind  is  from  the 
opposite  direction  the  signs  of  the  stresses  will  be  reversed. 
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To  get  the  flange  stresses  pass  a  section  />  through  the  points  of  intersection  of  the  web 
members  (Fig.  a).  Take  centre  of  moments  at  c.  The  stresses  in  the  web  members  being  all 
numerically  equal  and  half  being  tensile  and  half  compressive,  the  sum  of  their  moments  kbout 
any  point  in  the  vertical  cd  is  zero.  We  therefore  derive  the  same  expression  for  F^  as  in  eq.  (4) 
for  the  plate-girder  form.  Likewise  f\  is  given  by  eq.  (5).  In  this  case,  however,  x  is  the  distance 
to  any  section  p  passing  exactly  through  the  points  of  intersection  of  the  web  members  or  through 
the  centre  of  the  panel  in  which  the  flange  stresses  are  desired.  In  the  form  assumed  the  least 
value  of  X  is  ^b  and  the  greatest  value  J6.  The  maximum  flange  stresses  are  therefore  somewhat 
less  than  in  the  plate-girder  form,  although  for  a  portal  with  four  or  more  panels  it  is  accurate 
enough  to  assume  them  the  same.  If  there  are  but  two  panels,  then  the  maximum  stresses  in 
the  lower  flange  will  be  one-half  of  those  in  the  plate-girder  form,  and  those  in  the  upper  flange 

P 
also  one-half,  plus  the  constant  — . 

Frequently  the  effective  depth  of  the  plate  girder  or  lattice  portal  is  increased  at  the  ends  by 
the  use  of  comer  brackets  at  D  and  D',  consisting  either  of  simple  knee-braces  or  of  brackets 
with  solid  web.  In  either  case  the  bending  moments  in  the  posts  are  reduced  in  proportion  as 
the  unsupported  length  is  reduced.  The  maximum  stresses  in  the  flanges  will  also  be  somewhat 
reduced,  but  they  are  difficult  to  calculate  accurately,  and  the  best  practical  solution  is  to  assume 
them  the  same  as  without  the  knee-braces.  The  knee-braces  or  bracket-flanges  should  then  be 
made  of  about  the  same  size  as  the  main  flanges  and  well  connected. 

(c)  The  Portal  with  Simple  Diagonal  Bracing  (Fig.  154). — The  stresses  in  the  posts  are  the 
same  as  in  the  previous  cases  except  the  shears  above  D  and  D'  as 
noted  below.  If  the  diagonals  are  made' tension  members,  then  CC 
and  DD'  are  struts.  With  the  wind  acting  as  shown,  member  CLy 
is  not  acting.  Then,  passing  section  p,  we  have,  with  moment  centre 
at  C, 

Pc 


Stress  in  DD'  =  H'-= 

e      26 


With  moment  centre  at  Z),  structure  on  the  right  of  p, 

Stress  in  CC'-^H 
From  I  vert.  comp. = o, 


-e      ^^     Pc      P 

C  26         2 


(9) 
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Ci^J- 


-    U' 


Vert.  comp.  stress  in  CD  ^V'^P-r 


whence 


Stress  in  aD='P^rrS^ 

b    e 


(10) 


P/c       \ 
The  shear  in  the  post  between  D'  and  C'-^  if -stress  in  jDZ)'  =  -( — 1 1.     That  in  the 

portion  CD  is  the  same. 

If  the  diagonals  are  made  to  act  as  compression  members  only,  then  CO  and  DD'  are 

tension  members.    The  stresses  in  the  diagonals  and  in  DD'  are  the  same  numerically  as  before; 

Pc     P 
ihat  in  CC  will  be  equal  to — ,  tension,  if  P  is  applied  at  C,  but  if  applied  at  C  it  will  be  the 

same  as  given  by  eq.  (9). 
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(d)  The  Portal  with  Knee-braces  (Fig.  155). — This  fonn  is  used  where  lack  of  head-room 
Q  P/        prevents  the  use  of  a  better  one.    The  member  CC  is  a  continuous 

beam  and  resists  moment,  shear,  and  direct  stress.  The  knee-braces 
are  subjected  to  direct  stress  only,  being  two-force  pieces.  A  section 
cannot  be  passed  through  the  posts  or  the  member  CC^  except  at  the 
ends  of  these  members  (assumed  as  hinged),  without  involving  moment, 
shear,  and  direct  stress  among  the  unknowns.  To  avoid  the  diffi- 
cuhy  pass  section  p  through  point  C  where  there  is  no  bending  moment. 
Then  replace  stress  in  ED  by  its  horizontal  and  vertical  components 
applied  close  to  the  joint  D;  we  then  have  at  once 


: h ^ 


A 

V 


k 


Fig.  155. 


whence 


Hor.  comp.  tensile  stress  in  ED=H—^ 


Tension  in  JSP  =  jff-.^=—.^ ^ii) 


The  compressive  stress  in  £'/>'  is  the  same. 

The  maximum  moments  in  the  posts  are  at  D  and  D'  and  arc  thewsame  as  before,  also  the 
shears  and  direct  stresses  below  these  points. 


Compressive  stress  in  CD  =  vert.  comp.  in  EZ>—  V 

_Pc    Pc 
"  2d~'  b 


(12) 


This  is  greater  than  the  compression  in  A'D  (  "T"  )  if  rf  is  less  than—.     The  tension  in  C'D^  is  also 

given  by  eq.  (12).     The  shears  in  the  i>ortions  CD  and  C[D'  arc  the  same  as  in  form  (c). 

The  stresses  in  the  beam  CC  remain  to  be  determined.  The  bending  moment  is  zero  at  C 
and  C,  as  the  ends  are  assumed  as  hinged.  From  C  the  moment  increases  to  a  maximum  positive 
value  at  £,  becomes  zero  at  the  centre,  a  maximum  negative  value  at  £',  equal  to  that  at  £,  and 
finally  zero  at  C.  For  moment  at  E  ])ass  section  q  and  take  centre  of  moments  at  neutral  axis 
of  beam.    We  then  have,  considering  forces  on  the  left, 

3/c=F'(6-rf)-i/'c=Pc(i-^] •.    (13) 

In  a  similar  manner  it  can  be  shown  that  the  moment  at  £'  is  the  same  in  amount  but  negative, 
and  that  the  moment  at  the  centre  is  zero.     For  the  direct  stresses  in  CO  we  have 


Compression  in  EF/  =P—H^'-, 


(M) 


Then  with  section  p  and  moment  centre  at  D  we  have,  as  in  eq.  (9), 


.      .     ^^    H(c-e)     ^    Pc     P 

Compression  in  EC = +  P  —  —  +  —  • 

^  e  26    2 


•    •    •    •    • 


and  similarly 


Pc    P 

Tension  in  iS'C  =  — — . 

1  0#  Q 


ae 


('S) 


(16) 
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The  shear  in  EE^V'\  in  EC  it  is  equal  to  F'-  vert.  comp.  in  ED^V 

it  is  the  same  as  in  EC 

If  the  knee-braces  are  made  to  meet  at  the  centre  as  shown  in  Fig. 
155^;  the  result  is  a  very  simple  and  eflfective  form  of  p)ortal.  The 
moment  at  E  is  zero,  and  CC  receives  no  bending  moment  or  shear. 
Frequently  the  members  shown  by  dotted  lines  are  inserted  for  ap- 
pearance' sake  and  to  stiffen  the  members  D'E  and  ED,  but  they 
receive  no  definite  stress.    The  stresses  are  readily  obtained  from  the 

preceding  equations  by  making  J =—.     From  eq.  (11)  we  have 


-^rKr^)'-^^ 


Pc  f 
Tension  in  ED  =  —  •  r. 

e  b 


(II') 


Fio  155a. 


The  direct  stresses  in  EC  and  ED'  are  given  by  eqs.  (15)  and  (16). 

(e)  Effect  0}  Portal  Stresses  on  the  Vertical  Trusses. — The  wind  stresses  have  now  been  followed 
as  far  as  A  and  A',  the  reactions  H,  H',  F,  and  V  having  been  determined.    These  forces  are  in 


Af *«• 

I* 

Fig.  156U 


the  plane  of  the  portal.  Fig.  156  shows  a  side  view  of  the  joint  at  A  where  the  end 
post  is  inclined.  The  force  V  is  the  tension  in  i4C  as  already  found.  To  resist  this 
force  requires  a  downward  reaction  R  equal  to  V  sin  0  and  a  compressive  stress  S 
in  the  lower  chord  equal  to  V  cos  0.  On  the  opposite  side  of  the  truss  an  equal  up- 
ward reaction  exists  and  an  equal  tension  5  in  the  lower  chord.  These  chord  stresses 
are  uniform  throughout  the  length  of  the  bridge  and  are  to  be  combined  with  the  other  wind 
stresses. 

(/)  Portals  with  Fixed  End  Posts. — In  the  foregoing  discussion  the  end  posts  have  been  treated 
as  hinged  at  their  bases  A  and  A'.  Usually,  however,  they  may  be  considered  as  fixed  by  virtue 
of  their  direct  stress,  due  to  the  vertical  loads,  which  prevents  them  from  tipping  on  the  pin  in  the 
plane  of  the  portal.  This  will  be  true  whenever  the  total  stress  in  the  end  post,  multiplied  by  one- 
half  the  distance  centre  to  centre  of  bearings  on  the  end  pin,  equals  or  exceeds  the  greatest  bend- 
ing moment  which  can  be  developed  at  ^4  or  -4'  under  the  assumption  of  fixed  ends.  This 
P(c-e) 


moment  = 


as  will  be  shown. 


If  the  lower  ends  are  fixed,  the  end  post  may  roughly  be  assumed  to  be  a  beam  fixed  at  both 
ends,  and  we  may  take  the  point  midway  between  the  lower  edge  of  the  portal  and  the  foot  of 
the  post  as  the  point  of  inflection.  We  may  then  apply  the  reactions  H  and  V  at  this  point  and 
proceed  with  the  analysis  exactly  as  before.  The  value  of  c  will  be  replaced  by  i(c—e)-\-e  in  all 
of  the  preceding  equations,  and  as  a  consequence  all  portal  stresses  will  be  greatly  reduced.  The 
bending  moments  at  D  and  D'  w  11  all  be  reduced  one-half.    There  will  be  -a  bending  moment 


at  the  foot  of  each  post  equal  to  -BTX 


c—e    P(c—e) 


,  the  same  as  at  D  and  D\  and  as  stated  above. 


?  4 

If  the  maximum  resisting  moment  of  the  end  post,  calculated  as  above  explained,  is  less  than 

— ^ ,  then  the  end  is  not  fixed,  but  the  bending  moment  developed  there  will  be  equal  to  the  re- 

4 

P 
sisting  moment.    Call  this  moment  M.   The  point  of  inflection  may  then  be  foi^nd  by  writing  -x^^M^ 


\ 
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where  x  is  the  distance  of  this  point  above  A.     This  being  known,  then  c-x  is  lo  be  used  for  r 
in  the  formulas  for  portal  stresses. 

The  preceding  discussion  applies  also  to  the  sway-bracing  of  elevated  railroad  structures 
where  the  columns  are  fixed  at  top  and  bottom.  For  a  more  exact  solution  where  the  upper  ends 
of.the  posts  are  not  rigidly  fixed  see  p.  179.     /\ 

(g)  End  Bracing  jor  Deck-bridges. — Fig.  ly^-  (o)  shows  .the  bridge  supported  at  the  bottom 
and  Fig.  157  (b)  at  the  lop.  The  bracing  may  be 
in  an  inclined  plane  as  in  the  usual  through-bridge, 
or  may  be  in  a  vertical  plane,  as  in  the  ordinary  deck 
plate  girder.  The  diagonals  are  calculated  as  ten- 
sion members.  None  but  direct  stresses  exist,  all  of 
which  are  readily  found  by  the  usual  methods. 
There   is   a   compression    produced   in   A'C  of 


Si":- 


Fio.  157. 


both  figures  equal  to  P  t" 

(h)  Summary  oj  Portal  Stresses. — For  convenience 
in  designing,  ■  the  maximum  stresses  in  the  various  forms  of  portals  discussed  are  summarized 
in  the  following  figures.  The  distance  c  is  to  be  taken  as  the  actual  length  of  the  end  post  if  the 
posts  are  assumed  as  hinged  at  the  base-  If  they  are  assumed  as  fixed,  it  is  the  distance  to  the 
point  of  inflection.     The  stresses  in  the  posts  are  given  but  once. 


(«) 


3^^^^<C- 

/\ri' 

/x 

-^ 
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?i- 
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(i)  Skew  Portals. — Fig.  159  Is  a  plan  of  the  upper  lateral  system  of  a  skew-bnage  with 
vertical  end  posts,  and  Fig.  159  (a)  is  the  elevation  of  the  portal  upon  a  parallel  plane.  The 
lateral  force,  P,  applied  at  C,  is  resolved  into  the  components  P  sec  /3  and  P  tan  /?,  where 
^=-anglc  of  skew.  The  force  P  sec  ,9  replaces  the  force  P  in  ihc  discussion  of  the  preceding 
article,  and  P  tan  /J,  together  with  a  similar  force  at  the  right  end  acl>  upon  the  main  truss, 
producing  only  slight  additional  stresses. 


LATERAL   TRUSS  SYSTEMS. 


123 


The  plan  of  the  upper  laterals  and  inclined  portal  of  a  skew-bridge  are  shown  in  Fig.  160. 
The  lower  laterals  are  represented  by  dotted  lines.  Fig.  160  (a)  is  the  projection  of  the  portal 
on  a  plane  parallel  to  itself,  and  Fig.  (b)  is  the  elevation  of  one  truss.    The  lateral  force  at  C  in 


F^G.  159. 


Flo.  ito. 


the  plane  of  the  portal  is,  as  before,  P  sec  /?.   The  perpendicular  distance  from  AA^  to  CC  is  equal 

to  V  AE  -\-h  y  where  i4£  is  the  horizontal  distance  between  these  two  lines,  equal  to  A F  cos  ^8, 
and  h  is  the  height  of  the  truss.  This  distance  corresponds  to  the  distance  c  of  the  preceding 
article. 

116.  The  Overturning  Effect  of  Wind  Pressure  on  Trains  remains  to  be  considered. 
The  resistance  to  the  wind  pressure  upon  the  moving  load  is  supplied  by  the  laterals  of  the  loaded 
chord  which  lie  in  a  plane  several  feet  below  the  centre  of  the  wind  pressure.  There  result  certain 
vertical  reactions  at  the  ends  of  the  floor-beams,  upwards  on  the  leeward  side  and  downwards  on 
the  windward  side.  If  h  is  the  distance  of  the  line  of  pressure  above  the  plane  of  the  laterals,  b  the 
distance  centre  to  centre  of  trusses,  and  P  a  panel  wind  load  acting  against  the  train,  then  the  reac- 
tions are  each  numerically  equal  to  Pj-.    These  reactions  are  supplied  by  the  vertical  main  trusses; 

that  is,  the  wind  pressure  produces  a  downward  load  at  each  panel  point  of  the  leeward  truss  equal 

h 
to  Pt,  and  an  equal  upward  load  on  the  windward  truss.     The  stresses  due  to  these  loads  must 

be  calculated  and  combined  with  the  other  wind  stresses.  Those  in  the  windward  truss  will  ail 
be  equal  to,  but  of  opposite  sign  from,  those  in  the  leeward  truss.  The  stresses  in  the  web  members 
are  small  and  may  usually  be  neglected;  those  in  the  lower  chords  should  be' determined.  On 
the  leeward  side  the  lower  chojd  stresses  are  three  sources:  (a)  as  the  tension  chord  of  the 
lower  laterals,  (b)  a  tension  from  the  portal  <iqual  to  V  cos  0,  and  (c)  a  tension  from  the  vertical 
truss  due  to  the  overturning  effect.  The  total  wind  stress  thus  becomes  a  large  percentage  of  the 
live-  and  dead-load  stresses.  On  the  windward  side  all  these  wind  stresses  are  compressive  and 
the  total  may  easily  exceed  the  tensile  stresses  from  vertical  loads.  The  most  favorable  condition 
for  this  reversal  is  when  the  bridge  is  loaded  with  a  train  load  of  minimum  weight. 

117.  Sway-bracing  of  the  same  form  as  portal  bracing  is  usually  placerl  at  each  panel 
{X)int  of  a  deck-bridge  and  at  each  panel  point  of  a  through-bridge  when  the  height  is  more 
than  about  25  feet.  This  bracing  is  sometimes  designed  to  carrj'  the  wind  pressure  from  ()iie 
chord  to  the  other  at  each  panel  fx>int,  in  which  case  but  one  lateral  system  is  needed. 
The  ji*resses  are  computed  the  same  as  for  portal  bracing,  the  external  latenil  force  being 
equal    to   the    wind   load    upon    one    panel.    The    resulting    vertical    reactions    corresponding 
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to  Fand  V\  Art.  115,  act  as  loads,  upward  or  downward,  upon  the  main  trusses.     The  portal 
bracing  proper  is  now  subjected  to  the  same  loads  as  the  intermediate  sway  bracing. 

When  both  lateral  systems  are  used,  the  stresses  in  the  sway  bracing  are  still  often  com- 
puted on  the  same  assumptions  as  the  above,  although  if  the  two  lateral  systems  have  equal 
lateral  deflections  these  stresses  are  zero.  However,  with  wind  pressure  upon  the  unloaded 
bridge,  the  lateral  system  of  the  chord  supporting  the  floor  has,  in  the  case  of  railway  bridges, 
only  about  one  third  of  its  full  load,  while  the  other  system  is  fully  loaded.  In  this  case  the 
lateral  deflections  are  not  equal ;  the  sway  bracing  will  be  distorted,  and  some  stress  will  be 
thereby  transmitted  to  the  stiller  lateral  system.  The  assumption  that  one  half  the  wind  press- 
ure upon  the  one  system  is  thus  transferred  is  certainly  on  the  safe  side  when  the  portals  are 
properly  designed,  even  with  the  most  rigid  form  of  sway  bracing ;  with  a  flexible  form,  as 
simple  knee-braces,  very  little  stress  can  come  upon  this  bracing  from  wind  pressure.  No 
change  need  be  made  in  the  laterals  on  account  of  stresses  arising  from  the  sway  bracing. 

Il8,  Eccentric  Loads. — For  double-track  deck  railway  bridges  and  for- highway 
bridges,  specifications  sometimes  require  that  the  sway  bracing  shall  be  proportioned  to 
distribute  eccentric  loads  equally  upon  the  two  trusses.  Such  a  distribution  it  is  impossible 
to  attain  to  any  extent,  without  the  use  of  extremely  heavy  laterals  and  sway  bracing.  The 
stresses  in  the  three  systems  of  trusses — the  vertical  main  trusses,  the  lateral  horizontal 
trusses,  and  the  sway  bracing — due  to  eccentric  loading,  depend  upon  the  relative  rigidity 
of  the  several  systems,  and  will  now  be  discussed. 

1st.   TAe  Lateral  Horizontal  Trusses. — The  sway  bracing  of  a  deck  railway  bridge  is  shown 
in  Fig.  161.    Let  Pbe  a  panel  load  upon  one  track,  e  the  eccentricity,  b  the 
width  between  trusses,  and  h  the  height  of  the  trusses.    The  portions  of  the 


Fig.  161. 


slifd 


load  transferred  to  C  and  C  are  ^P+Z^j  and  ^P-^Pj,  respectively,  there 


2e 


being  an  excess  of  Pj  ^t  C^  over  that  at  C*.    So  far  as  the  stresses  due  to 

eccentricity  are  concerned  we  may  then  consider  a  load  equal  to  Pj-  at  C 

and  no  load  at  C* 

If  there  were  no  horizontal  trusses  in  the  planes -^4-4' and  CC\  Fig.  i6ia, 

2e 
the  effect  of  the  load  /^-r  would  be  to  deflect  the  truss  A'C  the  full  amount. 

O  ^  Fig.  161^. 

J,  and  to  twist  the  cross-section  into  the  position  shown  by  the  dotted  lines ;  for  the  sway 

bracing  would  still  preserve  the  rectangular  shape  of  the  cross-section,  there  being  no  resist- 

ance  to  the  lateral  motion  of  CC  and  AA'  beyond  the  slight  resistance  of  the  main  trusses 

to  becoming  warped  surfaces.     The  posts  ^6*  and  A'C  would  thus  be  inclined  as  much  to 

the  vertical  as  CC  and  A  A'  are  to  the  horizontal,  and  if  we  assume  CC  and  A  A'  to  have 

I      h 
equal  lateral  movements  the  movement  of  each  would  be  -  J  -r.     Ift  however,  there  were 

20  ' 

horizontal  trusses  in  the  planes  A  A'  and  CC\  this  lateral  movement  would  be  somewhat 

resisted,  and  with  extreme   conditions  of  perfectly  rigid  sway  bracing  and  very  fleyible 

1  h 
horizontal  bracing  the  lateral  deflection  of  each  horizontal  truss  will  be  less  than  -  J  - 

2  b' 
Hence  the  greatest  stresses  that  can  occur  in  the  members  of  the  lateral  horizontal  trusses 

deflection  is  independent  of  the  size  of  the  members,  but  with  heavy  bracing  the  deflection, 
and  therefore  the  unit  stress,  will  be  reduced.  It  will  be  §hQwn,  however,  that  the  stresses 
due  to  this  maxinium  deflection  ar^  very  small. 
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If  J«  =  deflection  of  the  vertical  truss  under  full  live  load  P, 
J^  =  deflection  of  lateral  truss, 

S^  =  average  unit  stress  in  vertical  truss  for  deflection  J« 

=  unit  stress  due  to  full  live  load, 
and 

Sk  =  average  unit  stress  in  lateral  horizontal  truss  for  deflection  Jj^,  we  have 

2:=  P-'     or    J=yJ.- 

Now  for  any  given  case  J,  can  be  computed  by  eq.  (6),  Chap.  XV,  using  for  this  purpose  a 
single  average  value  of  5^,  or  unit  stress,  to  replace/^  and  p^  of  that  equation.  Having  found 
J,,  the  value  of  A^  may  be  found  by  means  of  the  above  equation.  The  corresponding  value 
of  5*  is  then  determined  by  putting /<  =/^  =  5;^  in  the  second  of  eqs.  (7),  Chap.  XV  (assuming 
all  the  deflection  to  be  due  to  the  web  members),  and  solving  for  5^,  the  deflection  being  known. 

In  ordinary  cases  5,  is  about  8000  lbs.  per  square  inch ;  and  the  greatest  stress  on  the 
laterals  due  to  eccentric  loading  is  not  usually  greater  than  2000  lbs.  per  square  inch,  an  insig- 
nificant amount  as  compared  to  the  great  unit  stress  allowable  in  these  members.  In  through 
bridges  of  average  depth  the  ordinary  form  of  sway  bracing  is  very  flexible,  and  the  stress  in 
the  laterals  is  much  less  than  the  above. 

Take  as  an  example  a  Pratt  truss  of  200  ft.  span  ;  12  panels ;  A  =  33  ft.*4  in. ;  ^  =  28  ft. ; 
^  =  6  ft.  The  actual  computed  deflection  for  full  live  and  dead  loads  is  about  2.5  in.  If  one 
half  the  dead  load  (double  track)  be  taken  at  1300  lbs.  per  foot,  and  the  live  load  per  track  at 
3000  lbs.  per  foot,  the  deflection  due  to  full  live  load  is  equal  to 

^000 

and 

eh  6X33i 

Now  the  actual  deflection  of  the  lateral  system  in  terms  of  the  unit  stress,  computed  as 

in  Chap.  XV  (assuming  all  the  deflection  to  be  due  to  the  web  members  because  of  the  great 

size  of  the  chords),  is  equal  to 

Ja=  .000255'a, 
Hence 

5a  =  4000^4  =  1840  lbs.  per  square  inch. 

2d.  The  Sway  Bracing— \\,  has  been  shown  above  that  with  no  lateral  bracing  there  is 
no  appreciable  stress  upon  the  sway  bracing ;  also  it  is  clear  that  whatever  stress  is  brought 
upon  the  sway  bracing  must  be  resisted  by  the  laterals  at  C  and  A.  But  the  greatest  resist- 
ance that  is  offered  by  these  laterals  is  that  due  to  a  unit  stress  of  possibly  2000  lbs.  per  square 
inch,  an  amount  equal  to  about  one-seventh  the  stress  due  to  wind  pressure.  Hence  the 
stress  in  the  sway  bracing  is  not  more  than  would  be  caused  by  the  transferring  of  one 
seventh  the  wind  pressure  at  each  panel  from  one  chord  to  the  other,  an  insignificant  amount. 
Finally  it  may  be  said  that,  besides  transferring  perhaps  one-half  the  wind  pressure  as 
shown  on  p.  124,  the  office  performed  by  the  sway  bracing  is  to  prevent  independent  lateral 
vibration  and  swaying  of  the  vertical  trusses;  also  to  stiffen  long  posts  and  to  aid  in  the 
erection.     Its  design  must  be  left  mainly  to  the  judgment  of  the  engineer. 
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In  deck-bridges  and  deep  through-bridges  the  rectangular  shape  of  the  cross-section  will 
be  almost  exactly  preserved  by  the  sway-bracing,  but  with  shallow  sway-bracing  or  with  none 
at  all  the  floor-beams,  when  rigidly  connected  to  the  posts,  are  called  upon  to  act  as  sway- 
bracing,  and  small  bending  moments  arc  produced  in  them  with  some  tension  on  the  connect- 
ing rivets.    The  stresses  thuL.  produced  arc  very  3mall,  as  shown  above. 

119.  Stresses  in  Bridges  on  Curves. — These  differ  from  the  stresses  in  straight  bridges 
from  two  causes:  first,  the  centrifugal  force  from  rapidly  moving  trains;  and  second,  the  curva- 
ture of  the  track  whereby  the  vertical  load  is  no  longer  applied  along  the  axis  of  the  bridge.  The 
effect  of  curvature  will  therefore  be  considered  in  two  parts. 

The  Cenirijugal  Force  F^  of  a  body  of  weight  P,  moving  in  a  curve  of  radius  f ,  is  equal  to 

p-'^p* (17) 

where^isthe  accelerationofgravity=32.2  ft.  per  second,  =»32.2X -^ — =  79100  miles  per  hour. 

Expressed  in  miles,  ^"^T  "^5^^'  where  5730= radius  in  feet  of  a  i®  curve,  and  I>« degree  of 
curve.    Kence 

p^J^^^P^.ooooiiTv'DP^kP, (18) 

5730X79100  '  '  ^    ^ 

where  v  is  in  miles  per  hour  and  Z>=degree  of  curve;  P  and  jP  are  in  like  units.  We  will  now 
consider  the  effect  of  this  centrifugal  force  upon  the  laterals,  the  main  trusses,  and  the  floor  system. 

The  centrifugal  force  F  is  always  proportional  to  the  weight  P,  being  equal  to  *P,  hence 
the  horizontal  pressure  exerted  upon  a  bridge  by  a  train  moving  in  a  curve  will  at  all  points  be 
equal  to  the  vertical  pressure  or  weight  multiplied  by  the  constant  k.  If  the  moving  load  consists 
of  a  series  of  concentrated  loads,  then  the  horizontal  forces  will  be  a  similar  series  of  concentrated 
loads,  each  equal  to  k  times  the  corresponding  vertical  load.  This  principle  can  be  used  to  advan- 
tage in  calculating  stresses. 

The  general  effect  of  centrifugal  force  is  exactly  the  same  as  that  of  any  other  lateral  force, 
such  as  wind  pressure,  acting  on  the  train;  it  stresses  the  laterals  belonging  to  the  loaded  chord  and 
it  causes  an  overturning  effect,  as  shown  in  Art.  116.  The  line  of  action  of  the  centrifugal  force 
is  along  the  centre  of  gravity  of  the  load  and  is  usually  taken  as  5  feet  above  the  base  of  rail. 

From  the  above  considerations  we  may  state  the  following  methods  of  analysis: 

Lateral  Truss. — Calculate  the  stresses  as  for  a  vertical  truss,  for  a  series  of  loads  each  equal 
to  k  times  the  given  vertical  loads  for  both  rails.  The  moments  and  shears  will  be  equal  to  2k  times 
those  found  in  the  usual  way  for  the  vertical  main  trusses. 

Vertical  Trusses. — From  Art.  116  the  joint  load  on  the  outer  truss  due  to  a  horizontal  force  F 

h 
is  equal  to  F-,  where  A = distance  of  line  of  application  of  the  centrifugal  force  above  the  plane 

0 

of  the  lower  laterals,  6  =  distance  centre  to  centre  of  trusses,  and  7^  =  horizontal  joint  load  due  to 

centrifugal  force.     But  F  =  k  times  the  corresponding  vertical  load  P  on  one  floor-beam  (both  rails), 

hence  the  joint  load  on  the  outer  truss  due  to  centrifugal  force  =  *- times  the  total  vertical  load  on 

h 
the  floor-beam,  or  2k-  times  the  load  on  one  rail.    Then,  since  all  joint  loads  bear  this  same  ratio 

b 
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'*   the  vertical  loads,  the  stresses  in  all  the  members  of  the  outer  truss  due  to  centrifugal  force 
Tir.y  be  obtained  by  multiplying  the  live  load  stresses,  calculated  in  the  usual  way,  by  the 

constant  2*—.    The  inner  truss  will  receive  stresses  of  opposite  sign  from  those  in  the  outer  truss. 

rhey  are  of  no  significance  except  as  contributing  to  the  reversal  of  the  lower  chord  stress. 

Stringers. — Since  the  stringers  constitute  a  simple  bridge  of  a  span  one  panel  in  length,  the 
stresses  in  the  laterals  and  in  the  stringers  themselves  due  to  overturning  may  be  found  as  above 
described.  A  lateral  system  for  the  stringers  should  always  be  provided  for  bridges  on  curves; 
but  if  it  is  not,  each  stringer  may  be  assumed  to  carry  one-half  the  lateral  moment  and  shear  due 
to  the  centrifugal  force. 

Floor-beams. — ^These  will  be  stressed  by  reason  of  the  overturning  effect.     The  half  of  the 

h 
beam  adjacent  to  the  outer  truss  will  receive  stresses  equal  to  2kj-  times  those  calculated  for 

vertical  load. 

Efiect  of  Eccentricity  0}  Vertical  Load, — In  the  preceding  articles  it  has  been  assumed  that 
the  vertical  load  has  been  centrally  applied  as  usual.  After  finding  the  stresses  under  that  assump- 
tion it  is  necessary  to  correct  those  due  to  vertical  load  for  eccentricity.  The  stresses  due  to  centrif- 
ugal force  require  no  correction,  although  a  slight  error  has  been  introduced  by  assuming  the 
centrifugal  force  to  act  in  a  hne  exactly  at  right  angles  to  the  bridge. 

In  Fig.  162  let  P  represent  the  total  load  on  any  floor-beam,  and  let  e  be  the  average  eccentricity 

for  this  load  (= average  eccentricity  for  a  half-panel  each  side  of  this  joint).    This  eccentricity 

refers  to.  the  centre  of  gravity  of  the  load,  and  in  determining  its  value  the  c; 

inclination  of  the  track  as  well  as  its  curvature  must  be  considered.    It  wiU 

be  assumed  as  positive  when  towards  the  outer  truss.    The  joint  loads 

P       e  P       e 

at  A^  and  A  due  to  P  will  be  -4-P7-  and  — Pr-  respectively.     Only  the 

20  20 

portions  +Pt-  and  —  P7-  need  be  considered,  as  these  are  the  amounts  by        ^  I*- 5 -J' 

'^  0  b  Fig.  162. 

which  the  loads  vary  from  those  previously  assumed.    A  plus  sign  represents 

a  downward  load  and  a  minus  sign  an  upward  load,  but  as  e  may  be  plus  or  minus,  we  may  have 

either  kind  of  load  on  either  side. 

e  e 

To  calculate  the  exact  effect  of  these  loads,  P-  and  —  P-,  due  to  a  series  of  concentrated  loads 

b  b 

would  be  very  difficult,  as  the  value  of  e  is  difiFerent  for  difiFerent  panels  and  the  position  of  loads 

for  maximum  effect  could  not  easily  be  determined.     However,  as  the  stresses  under  consideration 

are  small  and  in  the  nature  of  a  correction,  it  is  sufficiently  accurate  to  substitute  an  equivalent 

uniform  load  calculated  as  explained  in  Art.  112.     The  one  equivalent  load  for  moments  may  be 

used  for  all   stresses.     Having  obtained   this  uniform   load  and  determined  the  eccentricity  of 

each  panel  point,  then  the  load  on  each  joint  of  the  outer  truss  will  be  P-  and  on  the  inner  truss 

will  be  —  P-,  where  P  is  the  panel  load  for  the  uniform  load  for  both  rails.     For  thord  stresses 
b 

assume  all  joints  loaded;  for  web  stresses  load  the  same  joints  as  usual  in  getting  maximiun 

stresses,  irrespective  of  whether  the  loads  be  upwards  or  downwards.    The  resulting  stresses  are 

to  be  combined  with  those  found  by  considering  the  track  straight. 

For  the  stringers  the  eccentricity  may  be  taken  as  the  average  for  the  panel  in  question.     This 

being  constant  for  the  panel,  the  stresses  in  the  outer  stringer  may  be  found  by  multiplying  those 
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^i 


due  to  the  actual  wheel-loads  centrally  applied  by  -7-,  and  those  on  the  inner  stringer  by  — ^. 

For  the  floor-beams  the  value  of  P  should  be  taken  as  the  maximum  floor-beam  load  due  to  the 

actual  wheel  loads.    The  end  reactions  to  b.e  considered  are  then  Pt  and  —  Pr.    The  actual 

bending  moments  must  be  determined  with  reference  to  the  spacing  of  the  stringers,  which  may 
vary  considerably  at  the  different  joints.    The  stress  in  the  hip  vertical  is  equal  to  its  maximum 

26 

stress  for  vertical  load  multiplied  by  -r-- 

Example. — Let  it  be  required  to  calculate  the  stresses  in  the  outer  truss  of  a  2oo-ft.-span  bridge 
located  on  a  6°  curve,  for  Cooper's  £-50  loading,  assimiing  a  speed  of  40  miles  per  hour.     Assume 

a  panel  length  of  25  ft.,  a  height  of  32  ft.,  and  a 
width  of  20  ft.  centre  to  centre  of  trusses.  Fig.  163 
represents  half  of  the  outer  truss  and  Fig.  163a 
the  lower  laterals  and  line  of  the  centre  of  gravity 
of  the  train.  Assume  the  net  eccentricities  to 
be  as  shown  in  the  figure. 

We  first  calculate  the  stresses  in  the  truss 
as  in  the  ordinary  case,  by  the  usual  wheel-load 
method. 

The  maximum  moments  and  shears  are 
as  follows:  Moments:  at  6' =  6784;  at  c' =  11250; 
at  flJ' =  14010;  ate' =  14810.  Shears:  a'6'  =  271.4; 
6V  =  204.7;     c'J'^  169.5;     ^V  =  97.9;     e'/'  =  56.4. 


o  d 

Fig.  163(a). 


The  resulting  stresses  are  given  in  the  first  lines  of  the  tables  below. 
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Member. 

a'fr' 

h'c* 

c'd' 

rfV 

B'C 

ciy 

VE' 

Vertical  load,  straieht  track 

—  212.0 

0 

—  21.4 

—  14. 1 

—  212.0 

—  76.0 

—  21.4 

—  14. 1 

-3SI-S 

-  126.0 

-  35-4 

-  34-0 

-437.9 
-156.8 

-  44.2 

-  49.8 

•^ZS^'S 

+  437-9 

+  462.8 

From  laterals 

From  overturning  effect 

From  eccentricitv.  .  ..........•••••.. 

+   35.4 
+  34.0 

+  44.2 
+   49.8 

+    46.7 

+  55-7 

Total 

-247.5 

-323-S 

-546.9 

-688.7 

-f420.9 

• 

+  531-9 

• 

+  565-a 

WEB  STRESSES. 


Member. 

a'B' 

BV 

C'd' 

z?v 

E'if 

B'b' 

CV 

lydf 

E»^ 

Vertical  load,  straight  track 

T*mm  overturning  effect 

+  344.4 
+    34.7 

H-  22.8 

-259.9 

—  26.2 

-  31-2 

-215.0 

—  21.7 

—  26.3 

—  124. 1 

—  12.5 

—  16.2 

-71.5 

-  7.2 

-  6.7 

-94-5 
-  9-5 
+  9.4 

+  169.5 
+   17.0 
+    20.7 

+  97-9 
+     9.8 
+   12.8 

+  56.4 
+    5.7 

+  5-3 

Fmm  prrpntricitv 

Total 

+  401-9 

-317.3 

—  263.0 

-152.8 

-85.4 

-94.6 

+  207 . 2 

+  120.5 

+  67.4 

For  a  velocity  of  40  miles  per  hour  and  a  6°  curve  the  value  of  k  of  eq.  (18)  «=  .00001 17  X40  X 
^o  X  6  = .  1 1 2 .  For  the  lower  laterals  the  moments  and  shears  due  to  centrifugal  force  will  be  equal 
to  the  moments  and  shears  from  vertical  load,  multiplied  by  2ib(  =  .224).  In  Fig.  163a  the  diagonals 
which   are  in  action  are  ah\   bc\   etc.     The  tension  in  d'e'  will  therefore « moment  at  d  divided 

bv  20,  that  in.^J'  =  moment  at  c-J-20,  etc.     We  have  then  stress  in  d'e' ■= ' » 156.8;  stress 

-^  20 

in  c'df" ■ =  126.0 ;  etc.     These  stresses  are  given  in  the  second  line  of  chord  stresses. 

ao 
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For  the  overturning  effect  the  distance  of  base  of  rail  above  laterals  will  be  assumed  at  4  feet, 
making  the  distance  of  the  centre  of  gravity  above  the  laterals  about  9  feet,  which  is  the  value  of 
h  of  p.  126.  The  stresses  in  all  the  members  due  to  vertical  loads  must  then  be  multiplied  by 
2X.ii2XyV=.ioo8.  The  stress  in  a'6'  is  therefore  equal  to  —  212.0 X.ioo8  = —  21,  4,  etc.  The 
results  are  given  in  the  tables. 

To  calculate  the  corrections  due  to  eccentricity  we  first  get  the  equivalent  uniform  load  for 
r.  200-foot  span.  This  is  given  on  p.  113,  and  is  equal  to  3000  lbs.  per  foot  for  one  rail,  or  6000 
lbs.  tor  both  rails.     The  panel  load  =  6X25  =  150.     Then  the  loads  on  the  outer  truss  are  as  follows: 

at  6'  =  i5oX  —  =  —7.5;  at  c'^is© — —=  +5.25;    at  J' =  150 ^«  +12.75,  ^^^  at  ^'  =  150 — —  = 

20  20  20  20 

+  15.     The  loads  on  the  right  are  the  same.     Then  with  these  loads  applied  on  the  truss  at  the  several 

joints  the  chord  stresG>^s  are  to  be  calculated.     The  reaction  =  18.0.     The  stresses  are  given  in  the  table 

with  correct  signs.     For  web  members  the  usual  joints  are  to  be  loaded.     The  stress  in  the  hip  vertical 

=«94.5  X^ — ^=  —9.41  that  is,  a  compressive  stress  of  9.4.     This  is  the  only  member  for  which 

20 

stresses  of  opposite  sign  appear  in  the  table. 

If  the  inner  truss  be  analyzed,  the  stresses  from  the  laterals  would  be  compressive,  that  in  ab 

being  76.0,  in  be  126.0,  etc.     The  stresses  from  overturning  and  from  eccentricity  would  all  be  equal 

to  but  of  opposite  sign  from  those  given  in  the  table.     The  maximum  stresses  would  occur  for  a  zero 

velocity,  in  which  case  only  eccentricity  would  be  considered.     One  member  only,  the  hip  vertical. 

would  have  a  stress  greater  than  the  corresponding  member  of  the  outer  truss. 
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CHAPTER   VIII. 
FUNDAMENTAL  RELATIONS  IN  THE  THEORY  OF  BEAMS. 

120,  Historical  Sketch.*— For  two  hundred  and  fifty  years  the  tnie  theory  of  the  strength  of  a  beam 
fias  been  a  much-mooted  question  amongst  physicists,  engineers,  and  mathematicians, 

Galileo  was  the  first  of  whom  we  have  any  record  who  undertook  to  discuss  the  problem.  In  his 
famous  Dialogues  (Leiden,  [638,  from  which  Fig.  164  is  taken)  he  propounds  a  theory  based  on  an  assumed 
absolute  rigidity  o(  the  material,  and  concluded  that  the  fibres  of  the  beam  were  subjected  to  a  uniform 


tension  which  acted  about  the  base  of  the  beam  as  a  fulcrum.     On  this  theory  the  moment  of  resistance  of 

a  soHd  rectangular  beam  would  be ,  where/  is  the  ultimate  strength  of  the  material  in  tension. 

Robert  Hooke  first  published  his  famous  law  of  the  relation  between  strain  and  stress  in  1678, 
discovered  by  him  he  says  18  years  previously,  and  kept  secret  for  the  purpose  of  procuring  patents  on  some 
applications  of  the  principle  to  springs  for  watches,  clocks,  etc.  Two  years  previously  he  had  ventured  to 
publish  the  law  in  an  anagram  at  the  end  of  another  book,  in  this  form,  'V</j'««oiJj//»f,"  which  being 
interpreted  reads,  "  Ut  lensio  sic  vis,"  or,  "as  the  extension  so  is  the  resistance."  Hooke  makes  this  law 
apply  to  all  "springy"  bodies,  amongst  which  he  names  nearly  all  ordinary  solids.  This  is  still  known  as 
Hooke's  Law. 

•This  historical  review  of  ihe  development  o(  the  (me  theory  o(  the  beam  is  derived  mostly  from  Siiint-Venani'i 

"  HisloHque   Abr/g/  dfs   Knhetchtt  lur  la   Rhislanu  et  mr  F BhstUit/  dts  Corps  Solidei"  prefixed  lo  his  Navier'* 

Le9on9,"  Third  Edition,  Paris,  1864,  and  from  Todhunler's  •' History  of  Ike  Thtvry  of  Elasticity, "  Cjmbridge,  Eng.: 
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Marioiie  showed  by  experiment  in  1680  that  the  fibres  on  one  side  of  the  beam  were  extended  and  on  the 
other  side  compressed,  and  assumed  that  the  neutral  surface  passes  through  the  centre  of  gravity  of  the 
section. 

Varignon,  in  1702,  undertakes  to  harmonize  the  theories  of  Galileo  and  Mariotte,  by  admitting  the 
extension  of  the  fibres>  but  puts  the  neutral  plane  at  the  bottom,  as  Galileo  did,  and  assumes  the  tensile  stress 
as  uniformly  varying  from  there  to  the  other  side.     This  would  make  the  strength  of  a  solid  rectangular 

beam  - — ,  which  agrees  almost  exactly  with  the  facts  for  cast-iron  at  rupture  when/ is  the  tensile  strength. 

James  Bernouilli  made  an  important  advance  by  applying  Mariotte's  law  to  obtain  deflections  of  beams 
(1694  and  1705),  and  argued  that  the  position  of  the  neutral  axis  is  a  matter  of  indifference,  which  was  a 
great  error.  He  denied  the  truth  of  Hooke*s  law,  which  we  know  is  not  applicable  to  all  substances, 
nor  to  the  point  of  rupture  with  any  substance.  He  first  constructed  stress-strain  curves,  but  his  work  in 
the  field  of  hydraulics  was  of  even  greater  importance  than  in  the  study  of  solids. 

A.  Parent^  a  French  academician,  seems  to  have  been  the  first  to  perceive  (17 13)  the  mechanical 
necessity  or  equilibnum  between  the  tensile  and  compressive  stresses,  which  condition,  together  with  that  of 
a  uniform  variation  of  stress,  fixes  the  position  of  the  neutral  axis  at  the  centre  of  gravity  of  the  section. 
This  important  discovery  seems,  however,  to  have  passed  unnot  ced. 

Coulomb  reannounced  this  relation  in  a  memoir  to  the  French  Academy  in  1773,  ^^  sixty  years  after  its 
first  publication  by  Parent.  Saint- Venant  credits  Coulomb  with  never  having  seen  Parent's  work,  as  no 
writer  of  that  century  has  mentioned  it.  But  even  after  this  second  publication  of  so  important  a  necessary 
truth,  such  workers  as  Girard,  Barlow,  and  Tredgold  all  misconceived  the  mathematical  necessities  in  the 
problem,  and  resorted  to  various  makeshifts  to  explain  the  strength  of  beams. 

Navier  finally,  in  1824,  put  the  matter  on  a  solid  mathematical  basis,  although  he  also  at  first  went 
entirely  astray.  He  stated  in  his  first  edition  that  the  nfoment  of  resistance  varied  as  the  cube  of  the  depth 
of  the  beam,  and  in  his  second  edition  this  error  was  corrected,  but  the  moment  of  the  stresses  on  one  side 
the  neutral  axis  was  said  to  be  equal  to  the  moment  of  the  stresses  on  the  other  side,  about  that  axis, 
an  equality  which  does  not  exist  except  on  symmetrical  sections.  Navier  also  fully  developed  the  theory 
of  the  deflection  of  beams  as  we  now  use  it. 

Saint'  Venant,  a  student  of  Navier's,  has  finally  (1857)  in  his  notes  on  Navier's  Lemons  given  a  complete 
analysis  of  both  the  elastic  and  the  ultimate  strength  of  a  beam,  with  suitable  equations  which  will  give 
theoretical  results  agreeing  with  the  actual  tests,  when  the  empirical  constants  are  properly  evaluated. 
This  great  engineer,  physicist,  and  teacher  has  done  more  than  any  other  one  to  bring  theory  and  practice 
into  harmony  and  to  put  both  on  a  thoroughly  scientific  basis,  so  far  as  the  strength  and  elasticity  of 
engineering  materials  is  concerned.* 

In  spite  of  these  various  true  expositions  of  this  subject  the  source  of  strength  in  a  beam 
continues  still  to  be  very  imperfectly  understood  by  many  engineers,  and  even  by  current 
writers  on  applied  mechanics,  and  gross  errors  in  this  direction  are  still  common.  It  is  in 
consideration  of  this  state  of  the  science  that  the  problem  is  treated  so  fully  here. 

121.  Elementary  Principles  of  Universal  Application. f — Since  stress  is  the  internal 
resistance  to  distortion  produced  by  the  application  of  external  forces  to  a  body,  there  is 
always  an  equilibrium  established  between  the  internal  stresses  and  the  external  forces. 
When  the  body  is  a  rigid  beam  which  is  acted  upon  by  external  forces  which  produce  shear 
and  bending  moment  at  any  given  section,  the  equilibrium  between  the  stresses  and  forces  is 
of  exactly  the  same  kind  as  obtains  in  the  case  of  a  framed  structure,  as  discussed  in  Chapter 
II.  Hence  the  three  general  equations  of  equilibrium  apply  to  beams  the  same  as  they 
do  to  trusses.  We  may  therefore  pass  a  section  through  a  beam,  replace  one  portion  by  the 
stresses  acting  at  this  section,  and  write  the  three  general  equations : 

2  vertical  components  of  stresses  =  2  vertical  components  of  external  forces; 
2  horizontal        "  "         "        =  2  horizontal        "  «  «  " 

2  moments  "        "       =  JS  moments  "         **  ** 


*  He  died  January  6,  1886. 

f  In  this  chapter  few  proofs  are  given  for  fundamental  equations,  these  being  fully  developed  in  modem  text- 
books on  Applied  Mechanics. 
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The  sum  of  the  vertical  components  of  the  stresses  is  called  the  shear  on  the  section 
When  the  beam  is  subjected  to  vertical  forces  only,  there  is  no  result- 
ing horizontal  component  either  of  the  forces  or  of  the  stresses.  That 
is  to  say,  the  algebraic  sum  of  the  horizontal  stresses  which  make  up 
the  resisting  moment  must  be  zero,  since  there  is  no  resultant  hori- 
zontal force  to  be  resisted.  Therefore  the  sum  of  the  compressive  stresses  f  \  b 
""tiust  always  equal  the  sum  of  the  tensile  stresses  in  simple  cross-bending.  y\q.  165. 
This  is  a  mathematical  or  mechanical  necessity,  and  holds  true  at  rup- 
ture the  same  as  at  the  elastic  limit,  being  independent  of  the  material  or  of  the  form  of  the 
section.  If  these  two  opposing  stresses  were  concentrated  at  their  respective  centres  of 
gravity,  they  would  form  a  couple,  the  moment  of  which  is  the  moment  of  resistance  which 
holds  in  equilibrium  the  external  forces,  and  hence  it  is  always  equal  to  the  external  moment. 
The  horizontal  surface  where  the  stresses  change  from  tension  to  compression  is  called  the 
neutral  surface,  or  neutral  axis,  since  here  there  is  neither  tension  nor  compression. 

If  the  centre  of  moments  be  taken  at  this  surface,  the  moment  of  the  resisting  couple  is 
the  arithmetical  sum  of  two  moments  which  are  equal  to  each  other  under  symmetrical  condi- 
tions. But  since  these  partial  moments  are  added  together  to  make  up  the  total  moment  of 
resistance,  there  is  no  logical  necessity  that  they  should  be  equal,  and  when  the  cross-section 
is  not  a  symmetrical  one  they  never  are  equal. 

122.  Elementary  Principles  True  within  the  Elastic  Limit. — Within  the  elastic 
limit  the  ratio  between  stress  and  strain  is  a  constant  one,  or  here  Hooke's  Law  holds  true. 
Beyond  this  limit  the  stress  does  not  increase  as  rapidly  as  the  strain. 

Within  the  elastic  limit  also  a  normal  section  of  the  beam  which  is  plane  before  bending 
is  a  plane  and  nearly  normal  after  bending.  Since  after  bending  two  plane  sections  which 
originally  were  parallel  become  inclined  to  each  other,  it  follows  that  the  fibres,  or  elements, 
joining  these  planes  have  a  uniformly  varying  length  across  the  section  even  though  these 
planes  are  no  longer  normal.  If  the  bending  has  stopped  within  the  elastic  limit,  then  the 
stresses  are  proportional  to  the  strains  they  are  resisting  and  therefore  for  all  bending  within 
the  elastic  limit  the  stresses  are  uniformly  varying  across  the  section.  This  conclusion  is  a 
logical  or  geometrical  necessity  from  the  premises  which  have  been  experimentally  estab- 
lished. 

From  the  two  conditions  of  uniformly  varying  stress  and  the  absolute  equality  between 
the  sum  of  the  tensile  and  the  sum  of  the  compressive  stresses,  it  follows  (from  the  laws  of 
mechanics)  that  the  neutral  axis^  or  neutral  plane^  traverses  the  centre  of  gravity  of  the  section. 

\l  I  =i  moment  of  inertia  of  the  cross-section, 

f  =  unit  stress  on  the  extreme  fibre  on  either  side, 
y^  =  distance  from  neutral  axis  (c.  of  gr.)  to  the  same  extreme  fibre, 
M^  =  moment  of  resistance  of  beam  at  any  section,  =  bending  moment  M,  of  the 
external  forces  on  one  side  of  that  section  about  a  centre  taken  at  the  neutral 
axis  in  the  plane  of  the  section, 

then,  so  long  as /remains  inside  the  elastic  limit,  we  have,  for  all  materials  and  forms  of  cross- 
section,  the  following  exact  and  universally  true  relation:* 

which  IS  the  general  equation  of  the  moment  of  resistance  of  a  beam,  within  the  elastic  limit. 

If  the  section  is  a  symmetrical  one,/ and ^,  are  the  same  for  the  extreme  fibres  on  both 

the  tension  and  the  compressive  sides.     If  unsymmetrical,  as  in  Fig.  166,  then  the  extreme 

fibre  on  the  compressive  side,  being  much  farther  away  from  the  neutral  axis,  has  a  corre- 

*  This  assumes  the  loads  to  be  applied  in  the  plane  of  a   principal  axis  of  ineriia,  the  usual  case.     For  a 
discussion  of  the  general  case,  see  p.  154. 
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spondingly  larger  stress.   The  unit  stresses  follow  a  law  of  uniform  variation  across  the  entire 

f  section,  but   total  stress,  being  the  unit   stress  multiplied 

'^  by  the  area  over  which  it  acts,  might  be  shown  graphically 

by  multiplying    the   unit   stresses    by  the    corresponding 


J t 


vnitatreM     totoi      widths  of  the  section,  which  would  give  a  diagram,  as  shown 

Fig.  166.  Fig.  167.   ***  ^^^*  ^^7'  where  the  areas  above  and  below  the  ifeutral 

axis  are  equal. 
The  following  moments  of  resistance  of  solid  cross-sections  in  terms  of  the  unit  stress  on 
the  most  distant  fibre,  with  the  corresponding  values  of  /  and  y^ ,  are  rigidly  correct  for  all 
bending  stresses  inside  the  elastic  limit  of  the  material. 
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123.  Elementary  Principles  true  beyond  the  Elastic  Limit  and  at  Rupture.— In  Fig. 

175  are  shown  strain  diagrams  of  some  of  the  more  common  materials  used  in  engineering 
structures.  Their  distortions  within  their  respective  elastic  limits  are  too  small  to  be  shown 
on  this  diagram.  These  limits  are  therefore  at  the  points  where  the  curves  leave  the  vertical 
axis.  Cast-iron  and  timber  have  no  definite  elastic  limits,  their  diagrams  being  curved  from 
the  start.    When  these  materials  are  used  in  beams  of  simple  geometric  form,  as  in  solid  rect- 
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angular  or  circular  cross-sections,  their  breaking  strength  does  not  conform  to  the  equations 
given  in  the  last  article.  In  the  case  of  the  ductile  metals  like  wrought-iron  and  mild  steel 
such  abeam  will  bend  cold  through  an  angle  of  180°  perhaps  without  rupture, and  hence  can- 
not be  said  to  have  any  assignable  "  cross-breaking  "  strength.  If  such  a  term  is  used  it  should 
be  named  "  cross-bending  "  strength,  and  by  this  should  be  understood  its  strength  at  its  elas- 
tic limit.  At  this  point  it  conforms  to  the  laws  of  internal  distribution  of  stress  as  given  in 
the  last  article.  Such  materials  therefore  can  scarcely  be  regarded  as  having  any  definite  or 
assignable  ultimate  cross-breaking  strength,  or  modulus  of  rupture. 
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Fig.  176. 


With  such  materials  as  timber  or  cast-iron,  however,  the  case  is  different.  Here  the 
beam  does  break  under  definite  loads,  but  these  loads  are  always  much  greater  (perhaps  by  100 
per  cent)  than  the  equations  in  the  previous  article  would  seem  to  indicate.  The  fatal  mistake 
writers  on  mechanics  have  made  has  been  in  ever  using  such  a  form  of  equation  as  (i)  to  ex- 
press the  moment  of  resistance  of  a  beam  at  rupture.  Its  field  of  application  lies  only  within 
the  elastic  limit  of  the  material. 

I24«  The  Distribution  of  Longitudinal  Stress  (Tension  and  Compression)  across  the 
Section  of  a  Beam  when  loaded  beyond  its  Elastic  Limit— Since  a  section  plane  before 

bending  remains  sensibly  plane  after  bending,  even 
beyond  its  elastic  limit,  it  follows  that  the  strain  or 
distortion  is  uniformly  varying  across  the  section,  under 
all  circumstances.  From  the  neutral  axis  to  the  ten- 
sion side  of  the  beam,  therefore,  the  stress  increases 
just  as  it  does  '^n  an  ordinary  strain  diagram,  where 
the  increments  of  strain  are  plotted  to  a  uniform  hori- 
zontal scale.  If  the  beam  fails  in  tension,  the  stress,  at 
rupture,  on  the  extreme  fibre  on  the  tension  side  of  the 
beam  is  the  ultimate  tensile  strength  of  the  material. 
Thus  let  the  curves  OC  itid  OD  in  Fig.  176  represent  the  tension  and  compression  strain 
diagrams  of  cast-iron,  for  instance.  The  ordinate  CB  =^2  is  the  tensile  strength  of  th?  iron. 
Since  this  is  the  actual  stress  on  the  extreme  fibre  at  rupture,  we  may  construct  a  vcrlical  sec- 
tion, or  projection  of  the  beam  on  this  diagram  by  taking  the  ordinate  BC  as  the  tension  side 
of  the  beam,  the  point  O  marking  the  neutral  axis.  Then  OB  is  the  distance  from  the  neutral 
axis  to  the  tension  side  of  the  beam  to  some  scale,  and  for  a  rectangular  cross-section  the  area 
OCB  would  represent  the  total  tensile  stress  in  the  beam  at  that  section.  But  since  the  total 
tensile  must  equal  the  total  compressive  stress  in  simple  bending,  the  area  cut  off  from  the 
indefinite  compression  strain  diagram  OE  by  the  line  marking  the  position  of  the  com- 
pressed side,  AD,  must  be  just  equal  to  the  area  OCB,  or  OAD  =  OCB.  This  condition 
fixes  the  position  of  that  side  of  the  beam,  AD,  to  the  same  scale  as  obtains  for  the  distance 
OBy  and  hence  AB  represents  the  total  height  of  the  beam,  and  the  scale  of  the  drawing 
is  determined.  The  point  O  is  then  the  position  of  the  neutral  axis  at  rupture,  and  the 
ordinates  to  the  lines  OC  and  OD  from  the  axis  AB  represent  the  tensile  and  compressive 
stresses  across  the  section. 

The  moment  of  resistance  is  the  moment  of  the  couple  formed  by  these  equal  and  oppo- 
site stresses,  when  concentrated  at  the  centres  of  gravity  of  their  respective  areas,  which  moment 
of  resistance  should  equal  the  bending  moment  of  the  external  forces  at  rupture.  The  fact 
that  this  moment,  so  computed,  is  not  equal  to  the  breaking  moment  in  the  case  of  cast- 
iron  can  be  attributed  only  to  the  existence  in  cast-iron  of  high 


internal  stresses,  due  to  the  fact  that  the  external  surfaces  are 
solidified  first.  These  outer  fibres  are  all  in  a  state  of  initial 
compression,  which  must  first  be  overcome  on  the  tension  side 
of  a  cast-iron  beam  before  these  fibres  begin  to  resist  any 
tensile  distortion.  In  the  case  of  a  wooden  beam  the  action 
is  the  direct  reverse  of  the  above.  Timber  is  myrh  stronger  in 
tension  than  in  compression^;  hence  a  woodjerLbeam  fails  first  on 
the  compression  side  by  breaking  down  the  fibres,  which  results 
irTiTcoriniiual  lowering  of  the  neutral  axis,  as  the  load  increases, 
until  the  beam  finally  ruptures  on  the  tension  side  and  the 
failure  is  complete.     Fig.   177  shows  a  common  method  of  fail- 
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Fig.  177. 
ure  of  green  timber  where  the  tensile  stress  at  rupture  AD  is  about  five  times  the  com- 
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pressive  stress  CB.  In  dry  timber  the  compressive  strength  is  greatly  increased  and  the 
neutral  axis  remains  nearer  the  centre  of  the  beam.  When  the  complete  tensile  and  com* 
pressive  strain  diagrams  of  any  material  are  known  the  moment  of  resistance  of  a  beam 
of  that  material  can  be  found  as  here  described. 

125.  Rational  Equations  for  the  Moment  of  Resistance  of  a  Beam  at  Rupture.-^ 

Since  a  strain  diagram  is  a  smooth  curve,  it  would  seem  possible  to  obtain  some  simple  equa<» 

tion  for  such  a  locus  and  then  proceed  to  find  the  enclosed  areas  and  the  moment  of  the 

couple  in  terms  of  the  co-ordinates  of  these  curves.     M.   Saint-Venant,  in  his  notes  on 

Navier's  "  La  Resistance  des  Corps  Solides*'  has  offered  such  equations  which  prove  to  be  capa* 

ble  of  expressing  the  strength  of  a  beam  at  rupture  very  closely.    Thus  when  the  strain 

diagram  is  fitted  to  the  section  of  a  beam,  as  shown  in  Fig.  178, 

Let  fi  =  tensile  strength  =  length  of  tension  ordinate  where 

curve  becomes  horizontal ; 

fc  =  same  in  compression  ; 

yt  =  distance  from  neutral  axis  to  tension  side,  if  failure 

occurs  in  tension ; 
y^  =  distance  from  neutral  axis  to  the  fibre  which  would 
have  stress  fe  (beyond  the  limits  of  the  beam  if 
failure  occurs  in  tension) ; 
/"=  stress  in  fibre  distant^  from  neutral  axis  in  tension 

side; 
f'  =  same  at  distance  y  in  compressive  side. 
Now  since  nearly  all  bodies  distort  or  flow  somewhat  under  a 
constant  load  at  the  point  of  rupture,  whether  in  tension  or  com- 
pression, the  strain  diagram  would  be  horizontal  at  this  point. 
Also,  as  soon  as  this  point  is  reached,  failure  is  sure  to  occur  under 
a  constant  loading.  Therefore  the  strain  diagram  representing 
the  distribution  of  the  stress  on  the  side  which  fails  may  be  sup- 
posed to  come  into  a  horizontal  position  at  the  outer  fibre  on 
that  side.  On  the  other  side  it  comes  into  a  horizontal  position 
at  a  point  beyond  the  limits  of  the  beam.  Thus  both  of  these  curves  may  be  fairly  repre- 
sented  by  parabolas  of  various  degrees,  all  having  the  vertices  at  the  point  of  greatest  stress 
and  passing  through  the  origin. 


Fig.  178. 


Saint-Venant  proposes,  therefore,  the  following  equations  for  these  curves : 


(2) 


The  first  of  these  equations  is  for  the  tension  and  the  second  for  the  compression  side  of  the 

beam.  The  form  of  these  curves  for  different  values 
of  m  is  shown  in  Fig.  179,  where  they  are  drawn 
only  for  the  failing  side  of  the  beam.      When 


m  ^  I  y/c  have /"=  —y,  which  is  a  linear  function, 

•^     yt 

and  corresponds  to  the  ordinary  equations  within 
the  elastic  limit.  The  value  of  m  must  be  selected 
so  as  to  make  the  curve  correspond  as  nearly  as 
possible  to  the  strain  diagram  of  the  material,  and 
may  be  different  for  the  two  kinds  of  stress. 
Whenever  the  strength  of  the  material  is  very  much  greater  in  one  way  than  in 
the  other,  as  in  cast-iron,  where  the  compressive  strength  is  some  five  times  what  it  is  in 


Fig.  179, 
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tension,  and  in  timber,  where  the  reverse  holds  true,  the  neutral  axis  shifts  at  rupture  very 
far  towards  the  stronger  side,  as  shown  in  Figs.  177  and  178,  and  the  portion  of  the  strain 
diagram  utilized  on  this  side  becomes  practically  a  straight  line.  In  this  case  the  formula 
expressing  moment  of  resistance  is  very  much  simplified,  becoming 


Jf. 


fli'l  "V  m  +  2    ''•'''^CT-fiy  I 


(3) 


Here/is  the  ultimate  strength  o[  the  material  on  the  side  which  fails  first,  as  tension  in 
the  case  o(  cast-iron  and  compression  in  the  case  of  timber.  For  different  qualities  of 
cast'iron,  for  instance,  the  tension  strain  diagrams  would  point  to  some  one  of  the  various 
curves  shown  in  Fig.  iSo,  thus  indicating  what  value  of  m  to  use  in  eq.  (3).  It  will  be  seen 
that  M  increases  as  the  material  becomes  more  ductile,  and  the  neutral  axis  moves  farther 


and  farther  towards  the  compressed  side  of  the  beam  when  the  elastic  limit  in  compression  is 
relatively  high.  When  w  =  i  we  have  M,  =  -^>  which  holds  true  within  the  elastic  limit 
for  all  materials.     The  following  tablef  gives  values  of  the  moment  of  resistance  for  various 


Din.  at  Neutr.  Ails  from 

Value  of  ... 

lhewe»lterride=^. 

Sironeer  Side  to  thu  co 
W«l^Side  U  Rupture. 

wntdKti.-*/,. 

I 

asoo 

1. 000 

..ooox^ 

1.633 

.586 

a.  HI 

I.6S4     " 

.613 

3.530 

.634 

.655 

2.007     " 

f  =  .667 

1  =  3-5a> 

H  =  s-074     " 

1. 000 

CO 

3.000 

•From  Saint-Venant's  Navier,  |  151.  p-   iSa.  e**''!' 
«  (or  the  e«"ei^'  ''3^1  f'<"^  which  this  is  derived,  is  g 
t  Saint- Ve nun t'l  Nkvier,  Pkrl«,  1864.  P>  ISS. 


n  of  1S64,   Paris.     The  equation  pring  moment  of  resist- 
rcn  on  p.  179,  but  ii  too  complicated  to  be  reproduced  here. 


138 


MODERN  FRAMED  STRUCTURES. 


values  of  m,  and  also  the  position  of  the  neutral  axis  and  the  ratio  of  the  fibre  stresses  on  the 
two  sides  of  the  beam  at  the  time  of  rupture,  when  the  stress  varies  uniformly  from  the 
neutral  axis  outward  on  the  stronger  side,  as  in  Fig.  i8o. 

The  value  of  m  for  cast-iron  varies  from  3  to  7,  depending  on  the  toughness  or  ductility 
of  the  iron, /being  taken  as  the  tensile  strength  of  the  metal.  For  timber  /"would  be  taken 
as  the  compressive  strength,  and  m  taken  as  4  or  5. 

//  I 

When  the  common  formula  3f,  =  "^j  or  for  solid  rectangular  sections  Jf.  =  j/^^^  *^  "^^^ 

for  the  ultimate  strength  of  a  beam, /becomes  the  "modulus  of  rupture  in  cross-breaking," 
and  its  value  always  lies  intermediate  between  the  two  moduli  in  tension  and  compression. 
In  timber  it  is  nearly  an  arithmetic  mean  of  these  two  moduli,  while  for  cast-iron  it  is  from 
i^  to  2  times  the  tension  modulus. 

For  practical  purposes  it  is  just  as  well  to  use  the  ordinary  equation  JIf,  =-i-.  up  to  nip- 

ture,  remembering  that /in  this  case  becomes  the  modulus  of  rupture  in  cross-breaking,  and 
its  value  must  be  determined  by  cross-breaking  tests.  The  true  .theory  of  the  ultimate 
strength  of  a  beam  has  been  given  here,  in  order  that  the  student  may  not  conclude  that 
theory  is  unable  to  cope  with  this  problem,  as  is  commonly  supposed,  and  because  it  is  not 
given  in  English  and  American  works  on  applied  mechanics. 

126.  To  find  the  Moment  of  Inertia  of  a  Section  composed  of  Rectangles. — The 
moment  of  resistance  of  an  irregular  cross-section  in  terms  of  the  stress  in  the  extreme  fibre 
can  only  be  found  by  first  finding  the  centre  of  gravity  of  the  section  which  is  always 
traversed  by  the  neutral  axis  until  after  the  elastic  limit  is  passed,  and  the  moment  of  inertia 
of  the  section  about  this  neutral  axis.  When  the  section  can  be 
supposed  to  be  made  up  of  a  series  of  rectangles  the  centre  of 
gravity  and  moment  of  inertia  can  best  be  found  as  follows : 

In  Fig.  181,  the  moment  of  inertia  of  the  rectangle  about 
its  own  centre  of  gravity  axis  00*  is  I,  =  iV  ^^*  —  "A^^  ""  Vf* 
Its  moment  of  indrtia  about  any  other  axis,  as  aa'  parallel  to 
0(7,  is 


1.. 

.1 

I           ^            -. 

0 

i 

1 

• 

^ 

1 

■  t 

\ 

a 

< 

L 

a' 

Fig.  i8i. 


i.  =  i.+«^  =  A(Y-^y+^y-j.)((I±^')  =  |<y-/)..   ...  (4) 


Also  ilie  statical  inoment  of  the  area  about  the  axis  aa^  is 


H. = Arf= ^Y  -^m^)  -  |(v  -/x 


(S) 


^ *  ''I 


H 


5 


*1^ 


I 


O' 


6 

^^r      i 


Fig.  182. 

toUows,  where  Y  represents  the  larger  of  two  successive  values  of  ^. 


In  a  compound  form,  made  up  of  rectangles,  as  in 
Fig.  182,  the  total  area  is-  the  sum  of  the  areas  of  the 
several  rectangles ;  the  total  statical  moment  about  aa'  ia 
the  sum  of  the  partial  moments ;  and  the  total  moment 
of  inertia  about  aa*  is  the  sum  of  the  partial  moments  of 
inertia  about  this  axis,  or  we  may  write 

The   most  convenient  method  of  computing  these 
values  is  by  arranging  the  computation  in  tabular  form  as 
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TABULAR   COMPUTATION   OF 

MOMENT  OF  INERTIA  FOR   RECTANGULAR  FORMS. 

^ 

A 

J' 

A 

:r« 

¥»->'« 

y 

v'-t' 

3 

=  1 

0 

0 

• 

0 

^ 

Ai 

ii 

^lA^ 

>li« 

V 

I".- 

A.» 

Al> 

3    * 

^s 

>i> 

>5i  +  A, 

b^ht 

(Ai  +  >».)' 

(>4i  +  *•)•  -  >li» 

&c. 

(>*.  +  >*.)» 

(>ii+A,)»-v 

&c. 

3. 

>ii 

^i  +  ^.  +  A, 

&C. 

&c. 

&c. 

&c. 

&c. 

&c. 

&c. 

^4 

A4 

&c. 

&C. 

&c. 

&c. 

&c. 

&c. 

&C. 

&c. 

^t 

^t 

&c. 

&c. 

&c. 

&C. 

&c. 

&c. 

&c 

&c. 

2  =  ^ 


2^Afo 


We  now  have  for  the  distance  to  centre  of  gravity  axis,  D  =  -^ 


2  =  /a. 

Also,  the  moment  of 


inertia  about  the  neutral  axis  =  /^  =  ^  —  AI^  =  /^  —  3f^i?,  where  3fa  is  the  gravity  moment 
of  the  area  about  the  axis  a. 

The  moment  of  resistance  of  the  cross-section  is 

M  =-^ 

where  /  is  the  stress  on  the  extreme  fibre  which  is  at  a  distance  ^,  from'  the  neutral  axis,  either 
side  being  taken. 

127.  To  find  the  Centre  of  Gravity  and  the  Moment  of  Inertia  of  any  Irreg^ular 
Section. 

The  following  graphical  method  consists  essentially  in  the  measurement,  in  most  cases, 
of  a  single  area  easily  constructed,  and  with  the  aid  of  a  planimeter  is  very  rapid  and  accurate. 
The  problem  will  be  treated  in  two  parts  : 

1st.  To  find  the  moment  of  inertia  about  any  given  axis. 

2d.  To  find  the  gravity  axis  and  the  moment  of  inertia  about  that  axis. 

1st.  Let  it  be  required,  for  example,  to  determine  the  moment  of  inertia  of  the  rail 
section,  shown  in  Fig.  183,  about  any  given  axis,  as  AA\  The  actual  operation  would  be  as 
follows : 

For  the  upper  portion  of  the  figure  draw  any  line  OB,  perpendicular  to  AA\  and,  at  some 
whole  number  of  units  ky  from  AA\  draw  the  parallel  BC.  Draw  also  any  number  of  lines 
through  the  given  area  parallel  to  AA\  as^,  kd.jc,  etc.,  spacing  them  closer  where  the  outline 
is  irregular  than  where  regular,  and  lay  oflf  ^i'  =  Ol,  B2'  =  (72,  Bi'  =  (^3,  etc.  Then  for 
any  point  d,  draw  d^  intersecting  BC  in  m ;  then  Om,  thus  determining  a  point  d"  on  4^. 
In  like  manner  find  points  e'\f'\  etc.»  corresponding  to  ^,/,  etc.,  and  join  the  new  system  of 
points  by  a  smooth  curve.  The  oblique  construction  lines  need  not  of  course  be  actually 
drawn,  the  required  intersections  only  being  marked.  The  new  curve  for  the  lower  portion 
is  likewise  constructed,  using  a  line  B'C\  at  a  distance  ky  below  AA'  in  place  of  BC, 

Then  if  A"  represent  the  total  area  of  our  new  figure  above  and  below,  and  /,  the 
required  moment  of  inertia,  we  shall  have 

/,  =  k'A'\ 

Demonstration. — The  general  expression  for  moment  of  inertia  about  an  axis  A  A'  is 


/. = /^^j'j'% 
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where  b  —  length  of  strip  parallel  to  AA\  dy  its  width,  and  y  its  distance  from  the  axis.     If  k 
18  a  constant,  we  may  write 


^•-*/(^D''^>  •  •  •  • 
-^A^^^^ 


.    •   (0 


(2) 


Fig.  183, 


Fig.  184. 


Referring  now  to  Fig.  184,  let  md'  be  drawn  parallel  to  OB  and  then  Op  through  d\ 
Then,  since  Q4  =  B4,'  and  Bfn=^'=il/,  we  have  Bp=^=^b.    Therefore,  by  similar  triangles. 


b      k  ^      V      k 

-T>  =  — ,    and     -£77=2—, 
V     y^  V     y 


(3) 


\f^  —  A-?_ 


Multiplying,  we  get  b*^  =  bj^.     The  above  construction  being  carried  out  as  in  Fig.  183, 
for  each  horizontal  strip,  we  have,  by  substituting^  in  (2), 


/,  =  k'fb"dy 


Q.  E.  D. 
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If  OB  can  be  made  a  line  of  symmetry,  it  will  be  necessaiy  to  construct  but  one-half  of 
the  new  curve ;  also,  k  should  be  made  of  such  a  length  as  to  give  a  fair-sized  area  to  measure 
and  at  the  same  time  good  intersections. 

2d.  This  problem  can  usually  be  reduced  to  the  first  by  determining  the  centre  of  gravity 
from  considerations  of  symmetry,  or  by  cutting  out  the  section  from  thick  paper  and  balanc- 
ing :\\  ci  knife-edge.  Where  this  cannot  readily  be  done,  as  in  the  case  of  disconnected  parts, 
we  may  proceed  thus : 

Assume  an  axis  AA\  Fig.  185,  parallel  to  the  unknown  gravity  axis,  and  construct  the 
area  A"  zs  before ;  also  at  the  same  time  project  the  points  m^  n^  p^  etc.,  upon  their  corre- 
sponding horizontal  lines,  thus  fixing  points  c\  d\  e\  etc.    Join  these  also  by  a  smooth 

curve,  and  let  ^/  be  that  part  of  the  area  of 
this  new  figure  above  the  axis,  and  A^'  the 
lower  portion.  Only  the  upper  right-hand 
portion  is  shown  in  Fig.  185,  but  the  given 
area  may  be  of  any  shape,  and  the  line  OB 
drawn  anywhere.  As  before,  we  shall  have 
/^  =  lfA'\  If  now  A  represent  the  total 
original  area,  we  have,  by  taking  moments 
about  AA'i 

Distance  of  centre  of  gravity  above  AA'  =  d^ 


/bdyy 


(4) 


Fig.  185. 


y 

From   (3),  y  =  *j,  and  considering  y 

negative  below  the  axis,  /  V  dy  =  A^  —  A^\ 
Substituting  in  (4),  we  then  have 


d^k 


a:  -  a: 


(5) 


/,  being  the  required  moment  of  inertia  about  a  gravity  axis,  we  have 

/,  =  /,-  d*A 

-A. 


= *-[^"  -  (^^^T^] 


in  which  the  areas  to  be  measured  are,  A,  the  given  area,  and  A'  (-4/  and  A^^  and  A",  the 
two  "  constructed  "  areas. 

If  desired,  the  area  A'  maybe  first  constructed  and  the  centre  of  gravity  located  by  eq.  (5) 
then  a  new  axis  taken  through  it  and  I^  determined  as  in  the  first  case.  This  construction 
then  gives  us  a  method  for  finding  the  centre  of  gravity  of  a  figure  without  considering  the 

other  part  of  the  problem. 

Considered  as  a  section  through  a  loaded  beam,  it  is  interesting  to  note  that  if  we  make 
k  equal  to  the  distance  to  one  extreme  fibre,  taking  a  gravity  axis,  our  area  A'  will  be  such 
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that  if  a  uniform  stress  of  the  same  intensity  as  that '  upon  this  outer  fibre  were  apph'ed,  the 
resulting  moment  would  be  the  same  as  that  upon  the  section.  This  relation  is  fully  discussed 
and  used  to  some  advantage  in  finding  moments  of  inertia  in  Sir  Benjamin  Baker's  "  Strength 
of  Beams,"  the  above  method  being  in  the  main  an  extension  and  simplification  of  the  one 
there  given. 

128.  General  Relation  between  Shear  and  Bending  Moment  in  Beams. — The  shear 
is  the  summation  of  all  the  components  of  the  external  forces  on  one  side  of  the  section  taken 
parallel  to  that  section.  The  bending  moment  is  the  sum  of  the  moments  of  all  the  external 
forces  on  one  side  of  the  section  about  the  centre  of  gravity  of  the  section.  There  follows  at 
once  from  these  this 

Proposition  :  The  bending  moment  at  any  section  of  a  beam  or  truss  is  equal  to  the  bend- 
ing moment  at  any  other  section  of  the  beam  or  truss  plus  the  shear  at  that  section  into  its  arm^ 
plus  the  products  of  all  the  intervening  external  forces  into  their  respective  arms. 

Thus  in  Fig.  186  we  have 

Mx+a  =  Mjc-^- Sjca—'Pz. (6) 

If  these  sections  be  taken  very  near  together,  and  the  interven- 
ing  load  omitted,  so  that  in  eq.  (6)  a-=  dx  and  P  =  o,  then 
Mx-\-a  becomes  M^j^dxi  and  we  have 

Mjc+dx  =  -^x  +  Sjgdx    or    Mx+dx  —  Mx  =  Sdx. 


Fig.  x86. 
But  Mx-{.dx  —  Mx 


dM\  therefore  we  have 


dM  =  Sdx    or 


dM 

dx 


=  5; 


(7) 


that  is  to  say,  the  shear  at  any  section  is  the  first  differential  coeflficient  of  the  bending  moment 

at  that  section.     If  the  bending  moment  is  constant,  therefore,  the  shear  must  be  zero,  and, 

dM 
vice  versa^  when  the  shear  is  zero  the  bending  moment  is  constant.     But  when  -^  =  o  the 

bending  moment  is  either  a  maximum  or  a  minimum ;  therefore  when  the  bending  moment 
passes  through  a  maximum  or  a  minimum  the  shear  is  zero,  and  also  when  the  shear  becomes 
zero  the  bending  moment  is  either  a  maximum  or  a  minimum.  A  knowledge  of  this  relation 
can  often  be  used  with  advantage  in  the  analysis  of  trusses. 

129.  The  Deflection  of  Beams. — Let  Fig.  187  represent  a  portion  of  a  bent  beam  one 
unit  in  length.  The  sections  which  were  parallel  and  normal  before  bending  would  now  meet 
if  extended.     From  similar  triangles  we  have 


I 

r 


But 


£  = 


6 

unit  stress      / 


unit  strain  J    e 

I 


:;= —      or 


-i- 


also 

and  we  have 


M       f'     nr     f      ^'^'- 

7,'         '~~T^' 


hence    e  = 


r  ~  El 


(8) 


Flo.  187. 


I        dxd^y 

But  from  the  calculus  we  have  -  =  -— tt 

r        \iU) 


-.     In  the  case  of  the  deflection  of  beams  the 
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MOMENTS,   STRESSES.   AND   DEFLECTION  OF  BEAMS. 
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Moment  Equation  and 

Maximum  Moment. 
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Equation  of  Elastic  Line, 

and  Maximum  Deflection  in 

terms  of  the  Loading. 
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MOMENTS,   STRESSES,   AND   DEFLECTION   OF  BEAMS. 


The  Beam  and  its  Load  with 
the  Moment  and  Shear 
Diagrams. 
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I       d^y 
deviation  from  a  horizontal  line  is  so  small  that  we  may  call  dl  :=  dx\  hence  —  =  -7^ ,  and 

have,  since  the  bending  moment,  M,  is  always  equal  to  the  moment  of  resistance,  M^ , 


we 


i__J/       d'y 

r  "" 


EI ""  dx' 


(9) 


which  are  the  fundamental  equations  in  the  deflection  of  beams. 

d\      M 
From  the  differential  equation  -j-j  =  -^  we  can,  by  giving  to  M  its  value  in  termr  of  x, 

dy 
and  integrating  once,  obtain     .-  =  t,  the  angle  the   beam   makes  with  the  horizontal.     By 

integrating  again  we  obtain  j,  the  vertical  deflection  of  the  beam  at  any  point  from  its  no-mal 
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position.  The  modulus  of  elasticity  E  and  the  moment  of  inertia  /  are  usually  constacit. 
The  latter  may  be  made  to  vary  as  some  function  of  x,  and  the  integration  made  with  / 
variable.  These  problems  are  worked  out  in  detail  in  books  on  applied  mechanics,  and  only 
a  summary  will  be  given  here  of  the  results  for  the  more  ordinary  cases.  In  solid  beams  and 
in  plate  girders  the  deflection  due  to  shear  is  neglected,  though  it  doubtless  is  something 
appreciable.  These  equations  do  not  apply  to  framed  structures,  since  no  account  is  taken  of 
the  deflection  due  to  strains  in  the  web  system,  which  in  ordinary  bridges  is  nearly  equal  to 
that  from  the  chords.     (See  Chap.  XV.) 

130.  The  Distribution  of  Shearing  Stress  in  a  Beam. — It  is  proved  in  mechanics 
that  wherever  a  shearing  stress  acts  along  any  plane  in  an  elastic  solid,  there  is  another  shear- 
ing stress  of  the  same  intensity  at  that  point  acting  on  another  plane  at  right  angles  to  the 
first.  Also,  that  the  effect  of  these  two  equal  shearing  stresses  at  right  angles  to  each  other 
is  to  produce  two  direct  stresses,  of  the  same  intensity,  also  at  right  angles  to  each  other,  and 
at  angles  of  45°  with  the  former  planes,  one  of  these  direct  stresses  being  tension  and  the 
other  compression,  as  shown  in  Fig.  196. 

The  general  equation  showing  the  value  of  the  intensity  of  the  shearing  stress  at  any 
point  in  the  cross-section  of  a  beam  of  any  form  is 

^^-wSy^y^'^y* <'°> 

where  qf  =  intensity  of  shearing  stress  on  any  plane ; 
5  =  total  shearing  stress  on  the  section ; 
/  =  monient  of  inertia  of  the  section  about  its  neutral  axis ; 
b'  =  breadth  of  section  where  shearing  stress  =  ^ ; 

y'  =  distance  of  the  plane  where  shearing  stress  is  q\  from  the  neutral  axis  of  the  sec- 
tion ; 
y^  =  distance  of  extreme  fibre  on  that  side  of  the  neutral  axis,  from  that  axis ; 
b  =  breadth  of  section  at  distance  y  from  neutral  axis. 

Whence  it  follows  that  the  integral  j     ybdy  is  the  statical  moment  of  the  area  outside 

the  longitudinal  plane  on  which  the  shearing  stress  is  taken,  about  the  neutral  axis  of  the 
beam.     We  may  therefore  define  the  intensity  of  the  shearing  stress  as  follows : 

The  intensity  of  the  shearing  stress  at  any  point  in  a  beam  of  solid  section  of  wliatever  form 
is  equal  to  the  total  shearing  force  on  the  entire  cross  section  multiplied  by  the  statical  moment  of 
the  area  of  the  section  outside  the  longitudinal  plane  of  shear  in  question  about  its  axis  in  the 
neutral  plane^  divided  by  the  product  of  the  amount  of  inertia  of  the  entire  section  into  the 
breadth  of  the  section  at  that  point. 

From  this  there  may  be  deduced  the  following  relations  for  special  cases :  For  solid 
rectangular  sections  the  intensity  of  the  shear  is  zero  at  the  top  and  bottom  sides  of  the  beam, 
and  increases  towards  the  centre  as  the  ordinates  to  a  parabola  having  its  axis  coincident  with 
the  neutral  axis  of  the  beam.  Hence  the  maximum  shearing  stress  is  found  at  the  centre  of 
the  section,  where  its  value  is  |  of  the  mean  intensity,  or  the  shear  at  the  centre  of  a  solid 

rectangular  beam  is  -^j  as  shown  in  Fig.  196.     If  this  beam  is  subjected  to  a  uniform  load 

the  total  shear  is  zero  at  the  centre  and  increases  uniformly  to  the  ends.  The  total  shear  at 
any  section,  as  5,,  5,,  5,,  etc.,  is  shown  on  the  lower  diagram  as  the  length  of  the  correspond- 
ing  vertical  ordinate.  In  the  upper  figure  this  same  total  shear  appears  as  the  area  of  the 
parabola  drawn  at  that  section,  horizontal  ordinates  to  which   represent  the  shear,  at  the 

♦  Rankine's  Applied  Mechanics,  g  309,  eq.  (i). 


146 


MODERN  FRAMED  STRUCTURES. 


corresponding  point,  on  a  surface  one  unit  long,  having  the  breadth  of  the  beam,  this  surface 
being  either  vertical  or  horizontal,  and  normal  to  the  plane  of  the  paper.  Since  the  middle 
ordinate  to  a  parabola  at  its  vertex  is 
f  the  mean  ordinate,  it  follows  that 
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This  may  be  derived  from  equation 
(10)  directly,  by  taking  d  constant  for  a 
rectangular  section,  whence  we  have 

for/  =  0,  and^,  =  -• 

For  a  plate  girder,  eq.  (10)  gives  directly  the  shearing  stress  at  any  point.     In  the  girder 
shown  in  Fig.  197,  let  the  web  be  f  in.  thick  and  48  in.  high,  while  the  flanges  are  }  in.  thick 
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and  12  in.  wide.    Then  the  neutral  axis  lies  at  the  centre  of  the  girder,  the  area  of  one  flange 

is  9  sq.  in.,  and  its  statical  moment  about  the  neutral  axis  is  219.4  inch-pounds.     The  moment 

of  inertia  of  the  entire  cross-section  is  15456.    Whence  we  have  for  the  intensity  of  the  shear 

5    /*^»                   /       210.4      \ 
ing  stress  at  the  inner  planes  of  the  flanges,  ^,  =  -^/,   ybdy^  S\ — ^- 2)  =  0-< 

per  sq.  in.,  while  in  the  outer  sides  of  the  web  we  have  ^,  =  5  ( g ^J  =  0.03785  per  sq.  in. 

The  intensity  of  stress  at  the  neutral  axis  is  q^^i-jr  J     {ybdy)=,  5L  ^      — ^)  =  0.05655 

per  sq.  in. 

These  three  intensities  of  shearing  stress  are  indicated  in  the  "  intensity  "  shear  diagram 
in  Fig.   197,  plotted   to  the  left  of   the   plane  of  shear.     The  value  of  the  average  shear- 

5 
ing  intensity  when  the  web  is  assumed  to  carry  it  all  is  ^  =  j— - — -  =  0.05655.     This  is  so 

t  X  40 
near  the  value  of  q^ ,  the  true  maximum  shearing  stress,  that  the  ordinary  assumptions  of 

web  taking  all  the  shear,  and  thus  being  uniformly  distributed  over  the  web,  are  seen  to  be 

justified. 

By  taking  qb  as  the  total  shearing  stress  on  the  lamina  bdy,  we  may  construct  the  total 

shear  diagram  for  this  plane,  as  plotted  to  the  right  of  the  plane  of  shear  in  Fig.  197.     In  this 

diagram  the  total  shear  in  a  horizontal  plane  is  seen  to  be  the  samfe  on  the  interior  sides  of  the 

flanges  and  on  the  outer  edges  of  the  web,  and  the  area  of  the  diagram  represents  the  total 

s'lear,  5,  on  the  section. 
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It  is  important  to  note  that  since  the  shearing  stress  is  nearly  constant  across  the  section 
the  resulting  direct  stresses  in  the  web,  which  are  of  equal  intensity  with  the  shearing  stress, 
are  also  nearly  uniform  in  amount  across  this  section,  not  varying  from  zero  at  the  top  and 
bottom  fibres  to  f  the  mean  at  the  centre,  as  in  the  case  with  plane  rectangular  sections. 

If  the  beam  be  loaded  at  the  centre,  or  with  two  concentrated  loads,  as  in  the  case  of  a 
railway  bridge  floor-beam,  then  the  shear  is  constant  on  the  outer  ends  of  the  beam,  and  hence 
over  this  portion  the  web  is  subjected  to  nearly  equal  shearing  and  direct  stresses.  The  com- 
pressive stresses,  acting  at  45°  with  the  vertical,  and  in  a  direction  downwards  towards  the 

end  supports,  tend  to  buckle  the  web  plate.  Taking  a 
strip  ac^y  Fig.  198,  the  intensity  of  the  compressive  load  at 
the  ends  of  this  strip  in  pounds  per  square  inch,  if  the 
dimensions  of  the  cross-section  be  the  same  as  taken  above, 
would  be  0.03785,  while  at  the  centre  it  would  be  0.05655. 
If  there  were  no  tensile  stress  at  right  angles  to  this  strip, 
tending  to  hold  it  into  its  true  plane,  the  strip  should  be 
dimensioned  in  thickness  to  carry  this  unit  load  0.0385  as 
a  load  on  a  column  of  that  length,  which  is  1.4  A. 

This  kind  of  analysis  would  g^ve  an  extravagant  thickness  of  metal.  Just  what  the 
restraining  influence  of  the  tensile  stress  is  cannot  be  determined  theoretically,  and  no  ade- 
quate experiments  have  ever  been  made  to  show  it  empirically. 

Aside  from  the  strengthening  influence  of  the  tensile  stress  in  the  web  it  is  common  to 
further  stiffen  it  against  buckling  by  riveting  angle-irons  on  the  web  in  a  vertical  position,  as 
shown  on  the  left  end  of  the  beam  in  Fig.  199.     On  the  right  end  these  "stiflFeners"  are 
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Fig.  199. 

placed  in  an  inclined  position,  directly  opposed  to  the  compressive,  or  buckling,  stresses.  In 
this  position  they  are  much  more  efficient  in  resisting  the  only  strains  in  the  web  which  are  at 
all  likely  to  cause  failure,  and  in  deep  girders  they  might  be  placed  in  this  positioiu* 

■ 

CONTINUOUS  GIRDERS. 

131.  The  Continuous  Girder  is  very  seldom  employed  in  this  country  except  in  swing 
bridges.  The  greatest  objection  to  its  use  is  the  uncertainty  in  the  stresses  resulting  either 
from  a  settlement  in  the  supports  or  the  impossibility  of  making  these  fit  exactly  to  the  nor- 
mal or  unstrained  profile  of  the  girder.  A  great  deal  of  literature  can  be  found  in  standard 
works  on  this  subject,  the  original  contributions  of  greatest  value  being  Clapeyron's  Theorem 
of  Three  Moments  (1857),  Weyrauch*s  adaptation  to  concentrated  loads  and  unequal  spans 
(1873),  and  Merriman*s  simplification  of  the  same  (1875). 

In  Fig.  200  {a)  and  {b)  two  consecutive  spans  are  taken  from  a  series  of  an  indefinite 
number,  these  two  being  loaded  uniformly  in  the  one  case  with  the  unit  loads /^.,  and/,,,  and 

Mr-l  Ifr-l 


FlG.  200. 


a  full  ditcusiion  of  this  question  ty  the  author  in  Engineering  Newt  of  April  w^  1895  (Vol.  XXXIII,  p.  376). 
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in  the  other  with  the  two  concentrated  loads  /V-,  and  Pr,  respectively.  Then  from  the 
Proposition  in  Art.  128,  and  eq.  (6),  we  may  write  at  once,  for  the  moment  at  any  section  in  the 
(r—  i)th  span,  distant  x  from  the  left  support, 

^,  =  ^,..  +  5,.,4r  ~  i^,.,4r* (13) 

For  a  concentrated  load  P,..,  distant  a  =  k/^_^  from  the  left  support  we  have 

Jlf,  =  J/,..  +  5,.^  -  P,.,(4r  -  >fe/,.,) (13^) 

For  more  than  one  load  in  the  span  the  sign  of  summation  is  inserted  before  the  term  in 

Pr~i .     From  these  equations,  and  the  general  differential  equation  of  the  elastic  curve,  -j4 

]if  dy 

=  ry*  we  may  integrate  once  and  find  -j-  =  tan  1  at  each  end  of  the  (r  —  i)th  span,  by  mak^ 

ing  jr  =  o  and  then  x  =:  4-i«  By  changing  the  subscripts  these  results  would  also  apply  to 
the  rth  span,  in  which  case  the  tan^  for  4:  =  o  would  equal  the  tan,..,  for  x  =  4.^  By  equat- 
ing these  two  values  of  tan  i  we  obtain  for  uniform  loads 

jtf,.,/,..  +  2J/,(/,.,  + /,)  +  J/^./,  =  -  KA./...' H-MOi     ....   (14) 

while  for  concentrated  loads  in  these  spans  we  have 

no  allowance  being  made  for  any  settlement  of  supports.   (See  p.  153  for  derivation  of  eq,  14a.) 
These  are  two  general  forms  of  Clapeyron's  famous  Equation  of  Three  MomentSy  first  pub- 
lished in  ^'Comptes  RenduSy'  Dec.    1857.     The  forms  here  given  are  due  first  to  Weyrauch, 
Leipzig,  1873,  and  to  Merriman,  PhiL  Mag.,  1875. 

When  the  spans  are  all  equal  and  load  uniform  over  the  whole  bridge,  the  equations 
become  very  much  simplified,  and  are  as  follows : 


=  --i^/* (15) 


When  the  entire  series  of  equations  of  three  successive  moments  are  written  for  any 
series  of  spans,  the  number  of  these  is  always  two  less  than  the  number  of  supports,  or  than 
the  whole  number  of  M'^  found  in  the  equations.  But  the  end  M*s  are  always  zero,  which 
makes  the  number  of  unknowns  equal  to  the  number  of  equations,  and  hence  all  the' inter- 
mediate M's  can  be  fotind.  The  algebraic  reduction  is  somewhat  tedious  and  will  not  be 
given  here.  After  the  M's  are  all  obtained,  the  shears  can  be  found  by  means  of  eq.  (13),  or 
(13^),  and  hence  the  supporting  forces. 

Having  found  all  the  external  forces  acting  upon  the  beam,  the  moment  and  shear  at  any 
section  can  be  found  by  the  ordinary  methods  as  readily  as  for  a  simple  beam  on  two  sup- 
ports. The  great  value  of  "  the  equation  of  the  three  moments  "  consists  in  its  enabling  us 
to  find  the  supporting  forces. 

The  following  formuke  apply  only  to  beams  and  trusses  hainng  a  uniform  moment  of  inertia 
spans  all  of  equal  length,  and  when  no  settlement  occurs  at  the  supports.* 

1.  Bending  Moments  at  the  Supports. 

(A)  For  Uniform  Load  over  the  rth  Span,  Spans  all  Equal.  —  The  moment  at  the 
Mt\i  support,  counting  from  the  left,  for  any  number  of  spans  wholly  loaded  with  the  uniform 

,^^^^^— ^— ^^^M^—^— —  ^IM  ■»      ■         I  ■  ■■  ■■  ■  11^      JL_I-  ■  Ml  II  1-     I—  -       1 

*  This  condition  is  usually  stated  as  "supports  on  a  level."    This  is  very  miileading,  as  the  formulse  do  apply  to 
supports  out  of  level,  provideci  they  are  fitted  to  the  profile  of  the  beam  or  truss  in  its  normal  unstrained  condition. 
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load  /  per  foot,  the  subscripts  r  applying  to  all  loaded  spans,  n  being  the  whole  number  of 
spans. 


M^^  -^ 


(For  loaded  spans  on  left.)       (For  loaded  spans  on  right.) 

(B)  For  Concentrated  Loads  in  the  xth  S*>an,  Spans  all  Equal.  —  The  moment  at 
the  i«th  support,  for  loads  P,  at  distances  a  =  kl  from  left  of  the  rth  span  or  spans,  when  total 
number  of  spans  =  n,  all  equal,  is 

(For  loaded  spans  on  left  of  «wth  support.) 

+  2\2P{2k  -  3>P  +  >fcV..^,+  2/X>fe-  >fe%-^.}f«].      (17) 

(For  loaded  spans  on  right  of  mth  support.) 

If  both  uniform  and  concentrated  loads  are  found  upon  the  same  span,  then  both  formulae 
must  be  used.  When  more  than  one  span  is  loaded,  the  data  must  be  worked  out  for  each, 
and  the  sum  taken,  as  indicated  by  the  primary  signs  of  summation.  The  secondary  summa- 
tion signs  for  concentrated  loads  signify  the  summation  for  the  several  joints  or  concentrated 

loads. 

The  following  values  are  to  be  used  for  the  c  coefficients: 

^,  =         o  ^:^  =  —       56  ^:,  =  —    10,864 

^,  =  +1  ^,=1+209  ^.0  =  +    40,545 

^,=  —4  ^,=  —780  ^„  =  —  151,316 

^«  =  +  15  ^.  =  +  2,911  ^,.  =  +  564,719 

following  the  law  that  ^^  =  —  4^^.,  —  r^.a» 


Since  the  concentrated  load  is  usually  at  a  panel  point;  if  there  were  five  panels  in  the 
loaded  span,  k  would  be ^,  f ,  |,  and  f ,  for  loads  at  the  first,  second,  third,  and  fourth  panel  points, 
respectively.  The  annexed  table  of  the  values  of  the  two  terms  in  k,  viz.,  {k  —  k^  and 
{2k  —  3^  +  ^),  has  been  compiled  for  a  more  ready  computation  of  these  quantities.  They 
are  computed  for  the  aliquot  parts  of  a  span-length,  or  for  the  joints  of  a  truss  of  equal  panel 
lengths,  for  all  numbers  of  panels  up  to  twelve. 

When  we  have  but  two  equal  spans,  as  is  commonly  assumed  to  be  the  case  in  swing 
bridges,  equations  (16)  and  (17)  reduce  to  the  following: 

(C)  Two   Equal  Spans,   Uniform  Load. — M^  =  —  ^  for  full  load  on  either  span ;    or 

when  both  spans  are  fully  loaded, 

^/« 

(18) 


(D)  Two  Equal  Spans,  Concentrated  Loads. 


(19) 


(For  left  spaa.) 


(For  right  span.) 
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VALUES  OF  {k  —  k')  AND  OF  {2  k  ~  ^k* -\- k')  AT  PANEL  POINTS* 
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(E)  ./w-  a  Uniform  Load  over  the  Entire  Girder,  Spans  all  £y«a/.— Equation  (16)  now 
reduces  to 

^_^[-^fo_^^ziii.,i^^W -„„, 

This  formula  is  evaluated  in  the  followiug  diagram  for  all  supports  for  girders  oi  nine 
spans  or  less.  

■■  Condensed  from  Prof.  M^lvenl  A.  Howr's  "Iheory  of  the  Coniinaous  Girder."  where  the  »tud««  will  find  the 
tn>J»t  extended  iheoreiiwl  irejimem  of  ihe  tontinuous  girder  in  ihe  Emjlish  language. 

fThii  »nd  ihe  following  equation,  (31),  are  taken  from  Du  Bois'  "Framed  Sttuciure*,"  with  some  diMige  of  forav 
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MOMENTS  AT  SUPPORTS ;    TOTAL  UNIFORM   LOAD ;   SPANS  ALL  EQUAL. 

COEFFICIENTS  OF  (—//'). 
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30 
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7 
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8 
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A 

A 

A 

A 

A 

A 

A 

A 

A 
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3 
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5 

44 
530 

6 

45 
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7 

41 
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8 

56 
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AAAAAAAAAA 

In  general  it  may  be  said  that  the  moments  at  the  supports  next  to  the  ends  are  always 
the  greatest,  and  are  there  about  1*5^/' ;  that  they  are  least  at  the  third  supports  from  the 
endsy  where  they  are  about  ^^/* ;  and  near  the  centre  they  are  nearly  uniform  at  about  1^/'. 

II.  Shears  at  the  Left  Ends  of  the  Spans. 

Having  found  the  moments  at  all  the  supports  for  the  particular  loading  in  question^  it 
remains  to  find  the  shears  on  the  left  ends  of  each  span,  when  the  stresses  in  all  the  members 
are  readily  computed.  To  find  these  shears,  make  x  =  /,,_,  in  eqs.  (13)  and  (13^)1  when  they 
become 

Mr  =  Mr^,  +  Sr,^lr.,  -  iA-A-i 

for  a  uniform  load  over  the  (r  —  i)th  span,  and 

Mr  =  Mr.,  +  Sr-Jr.,  -  -S/^-.^I  "  *) 

for  a  series  of  concentrated  loads  in  the  (r  ^  i)th  span  ;  whence,  for  the  shear  at  the  left  end 
of  the  rth  span,  or  at  the  right  of  the  rth  support, 

5"^ L> L  ^  j^/^      .    •    •    •    .  .     .         .    (21) 

as  the  shear  at  the  left  end  of  any  span  which  is  uniformly  loaded,  and 

M     —  M 

Sr=^^'^      '''' +  2J\l   --  k)  (21^1) 

as  the  shear  at  the  left  end  of  any  span  carrying  concentrated  loads. 
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For  unloaded  spans  the  second  terms  in  the  right  members  become  zero. 

Evidently  the  shear  at  the  right  end  of  any  span  is  that  on  the  left  end  minus  the  inter- 
vening load. 

The  following  gives  the  shears  on  each  side  of  the  supports  for  the  case  of  uniform  load 
over  the  entire  girder.     The  supporting  force  is  the  sum  of  the  two  shears  at  that  support. 

SHEARS   AT   SUPPORTS;    TOTAL   UNIFORM    LOAD;    SPANS  ALL  EQUAL. 

COEFFICIENTS  OF  {wl). 

I 

o  I  1  I  I  o 

2  2 

I 2 

oTs  sjj  T\o 

8  8  8 

I 2 3 

ojj  6J5  5T6  4I0 

10  10  10  10 

I 2 3 4 

o|  II     17  I  15     13  I  13     15  I  17     u  |o 
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38       38        38        38        38       38 
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I 2 3 4 5 6 7  , 

o|  56     86  I  75     67  I  70     72  "I  71     71  I  72     70  I  67     75  I  86     56  I  o 
142       142       142       142       142       142       142       142 

I 2 3^ 4 5 6 Z__  ___._? 

o|  153    235  I  205    i8l_[j9i    197  I  195    193  i  ^93    195  I  197    191  I  183    205  I  235    153  I  o 
388       388       388  '      388       388        388       388       388       388 

I 2 3 4 5 6 7 8 9 

o  I  209   321  I  280   250  I  261   269  I  266   264  I  265   265  I  264   266  I  269   261  I  250   280  I  321   209  I  o 

530      530       530       530       530       530       530       530       530      530 

III.  Computation  of  Stresses  in  the  Members. 

From  the  moments  at  the  supports  and  the  shear  on  the  right  of  each  support  all  the 
stresses  are  readily  found.  Thus  for  any  section  distant  x  from  the  left  end  of  the  mt\i  span, 
we  have,  from  eqs.  (13)  and  (13^), 

^(«*)  = -^«  +  5«^  -  i/«^ (22) 

for  a  uniform  load  in  this  span,  and 

M^^,  =M^  +  S^x  -  SPJix  ^kL). {22a) 

o 

for  concentrated  loads  in  the  wth  panel 

If  there  are  no  loads  in  this  span,  then  the  last  term  disappears  from  each  equation. 
Also,  for  shear  at  any  section  distant  x  from  the  left  end  of  the  mtYi  span,  we  have 

S{ynx)  =  5«  —  p^ (23) 

for  uniform  load,  and 

S(,^)  =  S^-2P (23a) 


o 
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for  intervening  concentrated  loads.     Or  in  other  words,  the  shear  at  any  section  is  equal  to 

the  shear  at  any  other  section  minus  the  intervening  external  forces. 

Having  the  moments  and  shears  at  any  section,  the  stresses  in  the  members  are  readily 

found. 

Derivation  of  Formula  (14^). 

The  following  derivation  of  formula  (14^)  is  given  rather  than  that  of  (14),  as  it  is  the  one 
commonly  used  with  trussed  bridges.     The  method  would  be  the  same  for  (14). 

Using  Fig.  200  (b)  and  the  notation  there  given,  and  calling  positive  shear  upward  on  the 
left,  and  moment  producing  convexity  upward  as  positive,  we  may  write : 

a^kl\       Mr^,  —  Mr—Srlr+Pf{ir  —  a)\       OT       Sr  =  ', 1 7 -.  (24) 

Taking  the  right-hand  span,  the  moment  at  any  section  distant  x  from  the  left-hand  support  is 

M,  =  Mr-SrX  +  Pr{x-a), 

cl*y      M          I 
whence  ^  = -^^  = -g^[il/,  -  5^  + /V(;r  -  tf)] (25) 

Integrating,  J  =  ^2 J/^  -  5^- +  P,(;r  -  ^r]  +  (C  = /,), (26) 

where  t^  =  tan  /  at  the  rth  support.     Integrating  again, 

y  =  ^llMy  -  Srx*  +  PXx  -  «)•]  +  /^  +  {C  =  K\   .    .    .    (27) 

where  h^  =  settlement  or  displacement  of  the  rth  support. 

If  we  now  make  x  •=•  l^, y  becomes  A,.^., ,  or  the  settlement  of  the  r-f-  ith  support.  Put- 
ting also  a  =  kl^  and  for  Sr  its  value  in  (24),  we  have 

/r  =  ^^^tLZi:  _  _l_[2yj/X  +  iIf.+,4  -  PXXa^^  -  S^fe*  +  n     ....    (28) 

To  find  Z,^, ,  or  tan  /,  at  the  r  +  ith  support,  evaluate  (26)  for  ;r  =  /^ ,  substitute  values  of 
a  =  i^/and  of  X  from  (24),  and  for  /,,  its  value  from  (28),  and  obtain 

^)^.,=tr,^  =  --^^^^EI^MX^2AUJ^-P^:{k-lf)\.    .    .    (29) 

If  we  now  reduce  all  these  subscripts  by  unity,  this  equation  will  express  the  tan  /  at  the 
rth  support,  or  /^ ,  in  terms  of  M^.^ ,  Pr^t »  ^^^  K-i »  and  the  movements  of  the  r  —  ith  and  the 
rth  supports,  this  equation  then  becoming 

/,  =  ^-  ~ ^'--'  +  ^[^/,../,..  +  2i^u..  -  p^. x.^{k  -  k^-\.    .   .   (30) 

Subtracting  (28)  from  (30).  we  eliminate  /,,  and  obtain  a  relation  between  the  moments  at 
three  consecutive  supports  and  their  intervening  loads  and  spans,  which  is  the  Theorem  ot 
Three  Moments: 

=6£/(^^±i^^  -   ^*^'-)  +  PrJU''  -  >^")  +  Prlr\2k  -   3^'  4"  ^        (SO 

Since  this  equation  was  obtained  on  the  assumption  that  the  bending  moment  was  posi- 
tive when  producing  convexity  upward,  whereas  the  reverse  is  assumed  in  this  work,  if  we  will 
change  the  signs  of  one  member  of  this  equation  it  becomes  Eq.  (»4^)»  P-  H^. 

The  first  term  of  the  right  member  of  Eq.  (31)  takes  care  of  all  relative  settlement  of  the 
three  supports  involved  in  the  equation.  This  term  has  been  omitted  in  Eqs.  (14)  and  (14^), 
and  the  supports  assumed  to  be  fixed.  This  unequal  settlement  of  supports  should  prevent  the 
use  of  continuous  girders  except  on  absolutely  fixed  (rock)  foundations.  There  is  no  necessity, 
however,  for  these  supports  to  be  **  on  a  level,"  as  is  commonly  stated  in  the  text-books. 

Note. — For  a  complete  discussion  of  the  theory  of  the  continuous  girder  with  varying  spans  and  moments  of 
inertia,  see  **  The  Theory  0/ the  Continuous  Girder^*  (120  pp.).  by  Prof.  Malverd  A,  Howe,  Engineering  News  Publish- 
ing Co.,  1889^  For  a  complete  graphical  analysis  of  the  problem,  moment  of  inertia  constant,  see  Prof.  Eddy's  "  t\e- 
searches  in  graphical  Statics,*^  Van  Nostrand,  1878;  also  the  same  inserted  in  Prof.  Church's  "  Mechanifs  q/ Materials,'* 
and  in  Prof.  Burr's  **  Bri4ges."  The  continuous  girder  is  now  so  little  employed  in  America  thati  iti  the  ppinion  of  the 
Auiborii  i(  it  00  lQO|er  necessity  to  tQach  the  details  of  this  practice  in  our  cng;ineeirin^  school^. 
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131a.  The  General  Case  of  Flexure  of  Beams. — In  the  (iiscussion  in  Art.  i22itisasbumi.d 

that  the  neutral  axis  of  a  beam  is  always  pcrpi^ndicular  to  the  plane  of  the  bending  moment,  and 

My 
the  general  formula  for  fibre  stress,  }  —  ~fi  's  based  upon  that  assumption.     In  the  general  case, 

however,  this  is  not  true.  It  is  true  only  when  the  plane  of  the  moment  cuts  the  section  through 
one  of  the  principal  axes  of  inertia  (see  explanation  beyond).  The  other  principal  axis  (at  right 
angles  thereto)  is  then  the  neutral  axis  and  the  usual  formula  for  fibre  stress  is  correct.  Since 
an  axis  of  symmetry  is  always  a  principal  axis,  it  follows  that  the  usual  formula  is  correct  whenever 
the  secrion  has  one  axis  of  symmetry,  and  when  the  plane  of  the  bending  moment  is  in  this  axis 
or  at  right  angles  thereto.  This  includes  the  most  common  cases,  such  as  the  ordinary  beam  or 
girder  loaded  in  its  plane  of  symmetry,  or  a  channel  loaded  parallel  or  at  right  angles  to  the  web, 
but  numerous  cases  arise  in  which  the  ordinary  formula  does  not  apply  and  where  even  approxi- 
mately correct  results  cannot  be  obtained  by  its  use-  Such  are,  for  example,  an  I  beam  or 
channel  loaded  Hn  a  plane  inclined  to  its  web,  a  Z-bar  loaded  in  a  plane  parallel  to  its  web,  or  an 
angle  loaded  in  a  similar  manner.  A  general  method  of  analysis,  applicable  to  all  such  cases,  will 
now  be  explained  and  illustrated  by  examples.* 

(a)  Moment  oj  Inertia  and  Product  oj  Inertia^  About  a  Pair  of  Axes  Inclined  to  Certain 
Given  Axes  and  having  Same  Origin. — Let  I^  and  /^  bo  the  moments 
of  inertia  of  any  area,  Fig.  aoia,  about  the  given  axes  OX  and  OF, 
f'  and  let  J,y  be  the  product  of  inertia  about  these  axes.  Required 
the  similar  quantities  /,,  /',,,  and  J',y  with  reference  to  the  axes 
OX'  and  OV  inclined  at  the  angle  a  to  the  given  axes. 

From  the  figure  we  have  x^~x  cos  a+y  sin  a  and  y'=y  cos  a— 
Fio.  sow.  X  sin  a,  hence  we  may  write 

/^  ^jyMa  =  J  (y  cos  a— xsm  a^da, 

Vy  '=fx'^da  =/(jccosa-|-y sina)'rfa, 

J'^y= J  x'y da  ='  J  {x  co<,  a  +  y  sin  a)  (y  cosa—xi]na)da. 

These  equations  reduce  readily  to 

7^  — /j  cos'  a+I,  sin*  a—J„y  sin  2a, 
I'y  -=/^5in'a-|-/,cos'a:-|-y,y  sin  2a, 
■^■y  »'1(/,— /j.)sin  2a-\-J^y  cos  2a. 

By  means  of  these  equations  the  desired  \-aluc5  can  be  found. 

By  adding  the  first  two  of  the  above  equations  wc  find  the  useful  relation 


•  For  a  more  complete  treatment  of  this  subject,  incluiiing  graphical  iiieth<>ds.  llie  reailer  is  referred  to  a  paper  by  P 
L.  J.  Johnion  In  Jour.  Assn.  Eng.  Sue  ,  Vol.  i8.  1901.     Tlie  d  is  tins  ion  here  given  is  taken  mainly  from  that  paper. 

t  The  product  of  inertia  is  the  summiitioii  r.f  the  quaiilitii's  Jaxy  fur  the  givt-ii  an-a,  '^  f  Jtyda.  Directions  li>w: 
the  right  ami  upwarli  will  be  atsumed  pusilive. 
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(ft)  Principal  Axes  of  Inertia. — In  eqs.  (32),  as  the  angle  a  varies,  the  values  of  /i  and  ly 
will  vary,  and  for  certain  values  of  a  they  will  have  maximum  and  minimum  values.  The  axes 
about  which  li  and  /^  are  a  maximum  or  a  minimum  are  called  principal  axes.  They  are  two 
in  number  and  at  right  angles  to  each  other;  the  moment  of  inertia  about  one  is  a  maximum  and 
that  about  the  other  a  minimum. 

The  position  of  the  principal  axes  may  be  found  by  diflFerentiating  the  expressions  for  /^ 
and  /y,  equating  to  zero  and  solving  for  a.    From  the  first  equation  of  (32)  we  get 

"^  =  —  (4  —  fy)  sin  2a  —  2/^  cos  2a'. (34) 

If  a^  is  the  value  of  a  for  m^hich  /^  is  a  maximum  or  a  minimum,  we  have,  by  placing  (34)  equal  to 
zero, 

2/ 
tan  2a,  =  -  ^^ (36) 

There  will  be  two  values  of  a^,  90®  apart,  one  giving  a  maximum  value  of  /j  and  the  other  a 
minimum.  The  same  two  values  of  a^  will  be  obtained  by  differentiating  the  expression  for  /^. 
Equation  (36)  therefore  determines  both  principal  axes.  The  principal  axes  will  be  called  OA  and 
OB  hereafter,  and  the  corresponding  moments  of  inertia  I^  and  Ib-  By  comparing  the  last  of 
equations  (32)  with  equation  (34)  it  will  be  seen  that  the  product  of  inertia  referred  to  the  principal 
axes  is  zero. 

In  applying  equation  (36)  the  axes  X  and  Y  can  be  seljcted  so  that  /,  and  I  y  can  be  deter- 
mined directly  from  the  handbooks  or  can  readily  be  computed.  The  quantity  J^y  is  not  given 
in  the  handbooks.  It  can  easily  be  compiit-^d  by  di  'iding  the  area  into  rectangles,  with  sideb 
parallel  to  the  selected  axes.  Then  for  each  rectangle  the  value  of  J^y  =  AreEiXxy,  where  x  and  y 
are  the  coordinates  to  its  centre  of  gravity.  Careful  attention  must  be  paid  to  sign.  If  one  of 
the  axes  is  an  axis  of  symmetry,  J^y^^o,  and  tan  2a;  =0,  whence  n:  =  o°  and  90"^.  That  is,  if  either 
OX  or  OF  is  an  axis  of  symmetry  these  axes  are  themselves  tfie  desired  principal  axes. 

The  value  of  a^  may  also  be  expressed  in  terms  of  / .,  /^.,  7^,  and  7^  by  subtracting  the  second 
of  equations  (32)  from  the  first,  solving  for  J^  and  substituting  its  value  in  equation  (36). 
There  results 

cos  2a,  =  ^""Z (37) 

^A  —  ^B 

Tnis  ii  the  most  convenient  expression  to  use  for  single  rolled  sections,  as  all  the  quantities 
may  be  obtained  from  the  handbooks.    7   and  I  y  are  the  usual  moments  b 

of  inertia  about  the  two  gravity  axes  of  reference,  Ig  is  the  least  moment  .^  /^ 

of  inertia,  given  directly  or  obtainable  from  the  least  radius  of  gyration,    — ■-%'-^'--y-    ^-sfcl-,-^ 
and  Iji  may  be  obtained  from  the  general  relation  I^+Iy=lA  +  lB'    To       y-       -^j     /]    ""^^^^ 
avoid  difficulty  with  signs  the   section  should  be  turned  so  that  7^  is 

greater  than  7^  and  so  that  the  axis  OB  lies  in  the  first  quadrant,  as  shown  in  llie  annexed  figure, 
Cos  2ao  will  then  be  positive  and  a©  will  be  negative  and  less  than  45". 
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(c)  For  Bending  Moments  in  the  Plane  oj  one  0}  the  Principal  Axes  passing  through  the  Centre 
of  Gravity,  the  Neutral  Axis  of  the  Beam  is  the  other  Principal  Axis. — Let  Fig.  201ft  represenl  ihe 

section  of  any  prismatic  beam,  with  centre  of  gravity  at  O,  and  suppose 
it  to  be  subjected  to  a  bending  moment  M  in  the  plane  OC.  The  neutral 
axis  is  not  known,  but  let  it  be  0Z7,  making  an  angle  /?  with  OC. 

Let  /  be  the  intensity  of  stress  on  any  element  of  area  da  at  a 
distances  from  OU.  If  c:  =  intensity  of  stress  at  unit  distance  from 
OUf  then  f  =  cv.  Equating  external  and  internal  moments  about  axis 
OU  and  then  about  axis  OF,  we  have 

Jf  sin  /? = Jjvda  ==  cfv^da 
and  M  cos  ^= J  }uda  =  c  J  uvda. 

jv^da=^Iu    and     fuvda^Jt 


Fto.  30X&. 


But 
hence 

From  this  is  derived 


UVf 


M  sia^^clu    and     M  cos  P=cJ^ 


uv 


tan/9= 


(38) 


(39) 


«V 


Now  tan/? =00 and  /?=9o°  whenever  Juv^^j  which  is  true  when  OJ/  is  a  principal  axis.  That 
is,  the  neutral  axis  and  the  plane  of  the  bending  moment  are  at  right  angles  when  the  former 
coincides  with  a  principal  axis,  whence  follows  the  converse  proposition  as  above  stated. 

The  moment  of  resistance  of  a  beam  loaded  in  the  plane  of  a  principal  axis  is  found  by  making 
/?==9o°  in  equation  (38).    We  get 


M^cl^  = 


fl. 


V 


also 


,    Mv 


which  are  the  usual  formulae. 


(d)  Determination  0}  Fibre  Stress  and  Neutral  Axis. — From  the  preceding  discussion  we  have 
the  following  general  method  for  finding  the  stress  on  any  given  fibre.  First  locate  the  principal 
axes  through,  the  centre  of  gravity,  OA  and  05,  by  the  use 
of  equation  (36)  or  (37).*  Then  suppose  the  plane  of  the 
given  bending  moment  makes  an  angle  0  with  axis  OB  (Fig. 
2oic).  Resolve  the  bending  moment  M  into  the  component 
moTienls  perpendicular  to  OA  and  05,  M  cos  ^  and  M  sin  0. 
Then  since  each  of  these  component  moments  acts  in  the  plane 
of  a  principal  axis,  the  stress  /'  on  any  fibre  due  to  M  cos  d 

ill  be  ' — jT — -"i  and   the  stress  /"  on  the  same  fibre  due 


wiU 


to  M  sin  0  will  be 


M  sin  Oxq 
Tb 


,  in  which  x^  and  y^  are  the  co- 


Fig,  aoic 


ordinates  of  the  fibre  with  respect  to  the  principal  axes  OA  and 
OB.    The  total  stress  on  this  fibre  will  be 

^A  ^B 


(401 


*  The  Cambria  h«^'ulbqok  gives  the  direction  of  the  princip.il  aj^is  OR  for  rolled  sectiQas. 
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The  fibre  whose  total  stress  is  a  maximum  can  usually  be  selected  by  inspection,  or  can  be 
determined  readily  by  trial.  Otherwise  the  neutral  axis  can  be  found  as  explained  below  and 
the  extreme  fibre  will  then  be  known. 

The  neutral  axis  is  the  line  of  zero  stress.    In  eq.  (40)  put  /  «  o  and  we  have,  for  the  coordinates 

of  a  fibre  on  the  neutral  axis,  —  = ^-^,  whence,  if  y  is  the  inclination  of  the  neutral  axis  to 

^0         cos  0  Is 

the  axis  OA^ 

tanr--tan^ (41) 

Examples. — i.  An  8-inch  i8-poimd  I  beam  is  used  for  a  purlin  on  a  roof  whose  rise  is 
one-fourth  the  span,  and  is  subjected  to  a  vertical  moment  M.  Required  the  maximtun  fibre 
stress. 

In  this  case  the  principal  axes  are  the  axes  of  symmetry,  which  are  assumed  to  be  parallel  and 
at  right  angles  to  the  roof.  The  angle  Q  is  equal  to  36°  34'.  From  the  handbooks  /a=*56.9  and 
/^«3.78.     The  extreme  fibre  is  the  upper  (or  lower)  fibre,  for  which  x^^2'',  j^^a!*- 

Then,  from  equation  (40),  /  =  M  (        \.  +  -  -       ^.  '  -  )  =o.30oM.     If  we  wish  the  neutral  axis, 

we  have,  from  equation  (41),  tan  y^  —.50  -^— ^  «  —  7.53   and   j  ■■  —  82°  26'.      The   sum  of  ^  and 

r  — 45°  52'.     Thus  in  this  cas^  the  neutral  axis  is  not  at  right  angles  to  the  plane  of  M  by  over  45®. 

2.  A  5"  X3J"  Xi''  Z  bar  is  subjected  to  a  bending  moment  M  in  the  plane  of  its  web.  Required 
the  maximum  fibre  stress.     (Fig.  2o\d.) 

We  first  find  the  principal  axes  by  eq.  (37).      From  the  handbooks /x-»  19.19;  /»  =^9.05;  Ib^ 

i4f*  =  5.25  X.74'=' 2.87,    and  /a  =/«+/» -/i?« 25.37.      Then,  from 

10.10  — 0.05  ,  ..      . 

-0.451,  whence  a^-^  -31    35  • 

r  B 


eq.  (37)»  cos  2a, 

25-37  -  2.87 

In   this   case    ^  =  «o=— 3i°35'-     The   extreme   fibre   will   be 

at  a,  whose  coordinates,  x  and  y,  with  respect  to  OF  and  OX  are 

—0.25  and    +2.50.     The  coordinates  with  respect  to  OA  and  OB 

will  be  found  from  the  formulae 


x^^x  cos  a^  +y  sin  a^, 
yo'^y  cos  a^  —X  sin  a^. 

Or  a  better  method  usually  is  to  scale  the  distances  from  a  drawing 
of  the  section.      Algebraically   (a^  being  negative)   x^^{-.2$)X 

.852  +2.50  X(  -.523) 1.52;      ^0  =  2.50  X.852  -(  -.25)(  -.523)  = 

+  2.00.     Then,  by  eq.    (40), 


— X 


Fig.  20ii^ 


^^?i^A^52X2.o  ,  (-.523)(-i.52)\  ,^ 


79**  35' 


The  neutral  axis  will  also  be  foimd.     From    (41)  tan  r=  -(  -.6i5)^ll^  «  +5.44  and  r 

2.87 

measured  from  OA.     This  is  at  an  inclination  of  only  42^  from  OY,  the  plane  of  the  bending 
moment. 

If   the  neutral   axis  be  assumed    as  horizontal,  as  is  commonly  done,    the  fibre  stress  at 

2.  •> 
a^M — :^—  «.i3oM,  a  result  only  40  per  cent  of  the  true  stress. 
19.19 

3.  Suppose,  in  the  case  of  the  Z  bar  of  example  2.  the  plane  of  the  moment  is  inclined  25^  to  the 
right  of  the  axis  OY,    As  it  is  not  apparent  which  is  the  extreme  fibre,  the  stress  at  both  o  and  b  wil 
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be  deer  mined.    ^  ="31°  35'- 25°  - —  6°  35'.     The  coordinates  of  a  a  e  as  above  given.     Those  for  6 
are  computed  to  be  -f  1.25  and  +3.70.     Then 

/.=.M(^22|2i££+  (-ix5)(-x5^)\  _.,3,^v/  (compression); 

\         28.37  2.87  / 

r      i.-r/-Q93X3.7o    ,   (  — .iis)Xi.25\         ,    ,-^  ,  .     x 

/*  -=M(  ^^^^  ^  ^     +  ^ ^ ^ )  -  .060M  (compression). 

\      2S.37  2.87  / 

The  maximum  stress  is  at  a. 

By  equating  the  stresses  at  the  points  a  and  b  it  can  be  ascertained  that  they  will  be  equal  for 
^  =  —4°;  that  is,  if  the  plane  of  the  load  make  an  angle  of  about  2  7i°  with  the  web  of  the  Z  bar  the 
stress  in  the  flange  will  be  uniform  and  the  greatest  efficiency  will  be    ecured. 
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CHAPTER  IX. 

COLUMN    FORMULiE. 

132.  Crushing  Strength. — Engineering  materials,  when  tested  in  compression,  divide 
themselves  into  two  very  distinct  categories :  those  which  fail  absolutely  by  crushing  to 
pieces  along  diagonal  planes,  and  those  which  merely  distort,  or  flow,  under  the  increasing 
load,  and  never  disintegrate  under  any  pressure,  however  great.  Cast-iron,  hard  cast-steel, 
stone,  brick,  cement,  and  the  like  are  of  the  former  class,  while  wrought-iron,  all  grades  of 
rolled  steel,  the  alloys,  and  timber,  are  of  the  latter.  With  this  class  of  materials  "  crushing 
strength  "  should  be  understand  to  mean  the  resistance  the  substance  offers  to  cold  flowing, 
or  to  permanent  distortion  under  a  crushing  load.  But  this  point  is  called  the  ''  elastic  limit 
in  compression  ;"  therefore  yj?r  semi-plastic  materials^  like  the  rolled  metals^  the  elastic  limit  is, 
or  should  be  regarded  as,  the  ultimate  strength!^  This  has  sometimes  been  called  the  "  crippling 
strength,*'  but  for  all  practical  purposes  it  should  be  regarded,  in  the  designing  of  structures, 
as  the  "  ultimate  strength." 

In  all  grades  of  rolled  iron  and  steel  the  elastic  limit  in  compression  is  practically 
identical  with  this  limit  in  tension,  and  hence  the  "  elastic  limit  *'  €is  found  by  a  tension  test  of 
the  materials  may  be  regarded  as  the  "  ultimate  strength  "  of  that  material  in  compression.  For 
very  short  columns  of  such  a  material,  which  are  perfectly  straight,  with  exact  centering  in 
the  testing  machine,  and  with  end  bearings  which  resist  lateral  movement,  as  square,  hinged, 
or  pin  ends,  it  may  be  possible  to  place  a  greater  load  upon  the  column,  but  its  length  is  then 
permanently  shortened,  and  the  chances  are  greatly  in  favor  of  its  giving  way  by  lateral 
deflection  for  want  of  perfect  fulfilment  of  one  or  more  of  the  conditions  named.  All 
recorded  tests  of  wrought-iron  and  steel  columns,  therefore,  which  show  an  *' ultimate 
strength  "  greater  than  the  elastic  limit  of  the  material  should  be  considered  as  abnormal  and 
misleading,  and  should  be  given  no  weight  in  any  experimental  tests  of  the  correctness  of  any 
proposed  formula,  or  in  the  derivation  of  the  constants  of  a  formula  to  be  used  for  computing 
the  strength  of  columns. 

Unfortunately  the  elastic  limit  in  column  tests  has  seldom  been  observed,  and  notwith- 
standing the  great  number  of  tests  made  of  full-sized  members,  as  well  as  on  laboratory 
samples,  we  are  still  almost  entirely  devoid  of  data  from  which  to  derive  the  constants 
entering  into  any  rational  formula  for  the  strength  of  columns* 

THREE  METHODS  OF  COLUMN  FAILURE. 

133.  I.  By  Direct  Crushing. — If  the  column  is  short,  without  internal  stres?,  perfectly 
straight,  of  uniform  size  and  strength,  all  its  filaments  having  the  same  modulus  of  elasticity 
and  the  same  elastic  limit,  the  centre  of  gravity  of  the  imposed  load  coinciding  exactly  with 
the  centre  of  gravity  of  the  cross-section,  then  all  the  longitudinal  elements  of  the  column  will 
-)e  equally  compressed,  all  will  come  to  their  elastic  limit  at  the  same  time,  and  all  will  distort 
alike.  This  distortion  will  continue  indefinitely  without  lateral  deflection,  the  material  simply 
spreading,  or  flowing,  under  the  imposed  load. 

This  is  evidently  a  purely  ideal  condition,  and  can  never  be  realized  perfectly  even  in  a 

~-  -  ■       

*  Sec  paper  on  Onnpressive  Strength  of  Steel  and  Iron ^  by  Chas.  A.  Marshall,  M.  Am.  Soc.  C.  E.,  Trans.  Am.Soc 
C  Et  Vol.  XVII,  p.  53*    Consult  Plates  X  and  XI  for  proof  of  the  above  sutement. 
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carefully  arranged  experimental  test,  to  say  nothing  of  the  conditions  obtaining  In  actual 
practice.  Here  the  "ultimate  strength"  should  be  regarded  as  the  "elastic  limit,"  notwith- 
standing greater  loads  will  be  resisted  after  permanent  distortion  begins.  Evidently,  so  long 
as  the  column  does  not  deiiect  sidewise,  its  strength  per  square  inch  is  independent  of  its 
length,  or  of  its  ratio  of  length  to  radius  of  gyration,  and  dependent  only  on  the  elastic  limit 

of  the  material. 

ing  only  would  show  a  constant  unit  strength  equal  to  the  clastic  limit. 

134.  II.  By  Crushing  and  Bending  Combined. — If  any  of  the  above-named  conditions 
are  not  fulfilled,  then  the  column  will  bend  somewhat  under  all  loads,  the  bending 
increasing  with  the  load,  and  the  concave  side  of  the  beam  at  the  elastic  limit  will 
be  subjected  in  general  to  compressive  stresses  from  three  causes : 
p 
First,  to  a  stress/  =  ^,  uniformly  distributed  over  the  section. 

Second,  to  a  stress  p'  =  ^^--  =  -t-4'  =  ^-?^,  where  v  is  the  eccentric  displace- 

ment  of  the  load,  >,  is  the  distance  of  the  extreme  fibre  from  the  centre  of  gravity 
of  the  cross-section,  and  r  is  the  radius  of  gyration  of  the  section.  Pv  would  be 
the  bending  moment  caused  by  the  eccentric  position  of  the  load. 

Third,  to  a  stress/"  ="^^~^-l  p  at  the  elastic  limit,  due  to  the  bending  of  the  column 

under  the  load  P,f  being  the  elastic  limit  stress  for  that  material,  and  E  the  modulus  of 
elasticity.  This  is  found  as  follows :  If  J  =  lateral  deflection  under  the  load  P,  then  the  bend- 
ing moment  at  the  centre  is  P{A  -\-  v).  Since  the  moment  at  any  point  is  equal  to  P{y  -{■  v), 
where  y  is  the  deflection  from  a  right  line  at  that  point,  the  form  of  the  elastic  line  of  the  bent 
column  will  be  intermediate  between  a  circle,  due  to  the  constant  moment  Pv,  and  the 
elastic  curve  due  to  the  varying  moment  Py.  The  latter  would  be  practically  that  of  a  beam 
uniformly  loaded,  as  given  on  p.  132.     Now  the  centre  deflection  of  a  uniformly  bent  column 

is,  in  terms  of  the  stress  on  the  extreme  fibre,  ^,  — 

J,  =  -^^ —  (see  p.  132).     But  since  the  actual  deflection  is  due  to  both  of  these  causes,  and 

in  practice  the  former  greatly  predominates,  we  may  put  J  = -^p .     But  when  the 

total  stress  on  the  extreme  fibre  has  reached  the  elastic  limit/,  then /+/'+/"=/,  or 
/'-}-/"=/  —  /.  Hence  we  may  write  ^  =  op  ■  ^"t  the  bending  moment  due  to  tht 
deflection  is  M  =  PA.     Hence  PA  =  .-,         .    Also,  in  terms  of  the  stress  produced  on  the 

outer  fibres  by  the  deflection  eccentricity,  M  =- — ;  therefore  we  have,  since  /=  Ar", 


p"i     P(f-pv    _    .„    P  f-p.l'X    f-Pli 


iEy,        '  1^    ~  A      8£      \rl  ~     %E 


'h'- 


/>• 


We  may  now  write,  as  the  total  stress  on  the  extreme  fibre  at  the  elastic  limit, 

(1) 


'  + 


^"^C^)■■ 
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where /=  elastic  limit  of  the  material  in  compression  ; 

V  =  eccentric  displacement  of  the  load  in  inches ; 
y^  =  distance  of  outer  fibre  from  centre  of  gravity  of  the  section  in  inches ; 
E  =  modulus  of  elasticity ; 

/  =  length  of  column ; 

r  =  radius  of  gyration  of  the  cross-section  in  inches,  =t  — 

This  is  a  nearly  rational  formula,  with  no  purely  empirical  constants,  for  a  column  free  to 
revolve  at  the  ends,  and  will  give  good  results.*  It  must  be  solved  by  trial  since/  is  found 
on  both  sides  of  the  equation,  ^iy^  =  f  r,  which  is  about  the  ordinary  ratio,  and  if /"=  34,000 
for  wrought  iron  and  42,000  for  mild  steel,  with  E  =  27,000,000  for  iron  and  28,500,000  for 
steel,  this  formula  would  become, 

For  WrmghUtim,       p=  ^      J'^'^,ooo-p  nSf -    W 

'    3r'  216,000,000  V/ 

and 


r.     ^     ,  42,000 

ForSteel,  /=  ^      Ay       42,ooo-//A» (3) 

"^  y   '  228,000,000 V/ 

These  would  apply  only  to  columns  pivoted  on  knife-edges.  They  would  not  apply  to 
"  round-ended  "  columns,  because  the  point  of  application  of  the  load  shifts  as  the  column 
bends.  They  would  not  apply  to  a  hinged,  or  pin-connected,  column,  because  the  resistance 
to  motion  here  is  very  considerable,  which  greatly  increases  the  strength  of  the  column  by 
preventing  lateral  deflection. 

The  second  term  in  the  denominator,  -~  ,  must  include   all   effects  of  initial  bends,  or 

kinks,  in  the  column,  and  differences  in  the  moduli  of  elasticity  of  the  elementary  forms  of 
which  it  is  composed,  as  well  as  eccentric  position  of  load.  These  are  usually  unknown  func- 
tions, and  hence  this  term  cannot  commonly  be  evaluated.     If  this  term  be  omitted,t  and  an 

empirical  constant  coefficient  used  for        ,/    in  the  next  term,  we  have 

/  = ^. (4) 


+f()" 


which  is  commonly  known  as  Gordo?is,  or  Rankine's,  Formula, 

I3S*  HI.  By  Bending  alone. — If  all  the  conditions  named  in  I  are  fulfilled,  and  we 

assume  the  column  is  loaded  somewhat  inside  its  elastic  limit,  while  the  length  increases,  the 
column  will  remain  in  stable  equilibrium,  and  undeflected,  until  the  length  reaches  a  particular 
point,  when  it  will  bend.  When  the  length  is  less  than  this  critical  amount,  if  the  column 
were  bent  by  a  transverse  force,  it  would  straighten  itself  under  its  load,  when  this  deflectin<T 
force  is  removed.  But  when  the  length  has  reached  a  certain  limit,  it  will  no  longer  be  able  to 
straighten  itself  under  its  load,  /;///  will  retain  any  particular  deflection  which  may  be  given  to  it. 
It  is  then  in  unstable  equilibrium,  and  any  further  increase  of  load  will  cause  the  bending  to 

*  For  the  rigid  derivation  of  a  formula  for  eccentric  loads  and  pivoted  ends  by  Prof.  Marston  see  Trans.  Am.  See. 
C.  E.,  Vol.  XXXIX,  p.  108. 

t  The  authors  do  not  admit  the  legitimacy  of  these  changes,  but  they  make  this  supposition  here  only  to  show 
what  changes  would  be  necessary  to  obtain  Rankinc's  formula. 

I 


l62 


MODERN  FRAMED   STRUCTURES. 


increase  till  the  elastic  limit  is  reached,  when  failure   is  inevitable.     For  columns  pivoted,  or 
free  to  turn  at  the  ends,  this  limiting  length  for  a  perfectly  ideal  column  is 


[EI 


or 


/  IE 


(5) 


The  shortest  length  of  column  which  could  act  in  this  way  would  be  found  by  making 
p  as  large  as  possible;  or  when 

/  =/=  elastic  limit, 

w«  have  as  the  minimum  length  which  can  fail  by  bending  only 


'^='v/| 


(6) 


This  lower  limiting  ratio  of  /to  r  for  a  perfectly  ideal  column  is  about  lOO  for  wrought- 
iron  and  about  85  for  mild  steel.    A  spring-steel  column  might  fail  in  this  way  for  a  ratio  of 

/       , 

-  as  low  as  50. 

r 

.  For  the  perfectly  ideal  column,  therefore,  centrally  loaded,  failure  would  occur  by  methods 
I  and  III  and  never  by  method  11.     That  is,  the  strength  would  be  constant  and  equal  to 

the  elastic  limit  for  increasing  lengths  until  the  limiting  length  is  reached,  when  it  would  fail 

/ 
by  bending.     The  strength  of  the  ideal  column,  free  to  turn  at  the  ends,  where  -    is  greater 

than  this  limit,  or  when  failure  occurs  by  bending  alone,  is 


P  = 


n  EI      n'EAr'      n'EA 


r 


[^ 


or 


P  = 


(5"' 


(;) 


This  is  called  Euler's  Formula*  and  is  derived  as  follows : 

Let  OQ,  Fig.  203,  represent  a  column,  free  to  turn  about  its  end  supports,  of  such  a 
length  that  it  may  be  in  unstable  equilibrium  under  the  load  P,  That  is,  under  this 
load  the  column  just  begins  to  deflect,  and  will  under  a  constant  load  retain  any 
deflection  which  may  be  given  to  it,  within  the  elastic  limit  of  the  material.  The 
bending  moment  at  any  section  distant  x  from  the  origin  at  O  is  then 


Q[ 


M 


dx 


(8) 


from  the  fundamental  equation  for  the  deflection  of  beams.     Whence 

d^y  P 

dj^  ""       EI^' 

Multiplying  each  side  of  this  equation  by  dy  when  x  is  the  independent  variable  and 
integrating  once,  we  have 


*  Contributed  to  the  Berlin  Academy  by  Euler  in  1759.     For  a  more  rigid  derivation  of  this  formula  by  Henry  S. 
Pritchard,   see  Engr.  News,  May  6,  1897,  and  also  by  Prof.  Wm.  Cain  in  Trans.  Am.  Soc.  C.  £.,  Vol.  XXXIX,  p.  96. 
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dy 
When  ^  =  o,  J'  =  irf,  =  deflection  at  the  centre ;  therefore  C  =  —  -4*,  and 


©•=r/--n 


or    dx 


whence 


When  ;!:  =  o,  ^  =  O5 .'.  C  =  o,  or 


Therefore 


=v/f 


</>> 


P  V/i*-y' 


,  =  ,/f.arcsi„i  +  C-. 


v^= 


arc  sin  4- 
A 


y  =z  jd  sin  X 


yw 


1 

) 


(9) 


(10) 


This  is  the  equation  of  the  elastic  line,  the  curve  being  a  sinusoid.    But  for  ;r  =  -,  j^  =  J, 

2 


and  we  have  from  (9) 


2  V£/~2' 


or    />  = 


n'EI   1 


or 


P      it*EAr* 
^~  A~     Al* 


or  /  = 


it*E 


(") 


which  is  Euler*s  Formula. 

136.  The  Effect  of  End  Conditions.— When  the  ends  are  free  to  turn,  the  column 
bends  in  single  curvature,  as  in  Fig.  204.     When  both  ends  are 
fixed  in  position  it  takes  the  form  of  a  double  reversed  curve,  as 
in  Fig.  205.     Here  the  portion  lying  between  the  two  points  of 
inflection  acts  as  a  whole  column  on  knife-edges,  but  the  length 

of  this  portion  is  only  — .    When  one  end  is  fixed  and  the  other 

free  to  turn,  the  portion  analogous  to  Fig.  204  is  |/,  as  shown  in 
Fig.  206.     Therefore,  when  a  formula  has  been  derived  for  the 

/ 
first  case  it  can  be  used  for  the  other  two  by  putting  for  /,  -  for 

fixed  ends,  and  \l  for  one  end  fixed  and  the  other  free  to  move. 

Therefore  we  may  write  the  following  theoretical  formulae 
for  these  several  conditions  : 


Fig.  204.      Fig.  205.      Fig.  906. 


Name  of  Formula. 

For  PiVoted  Bods. 

For  Fixed  Bods. 

For  one  end  Piyoted  and 
one  end  Fixed. 

Gordon's 
Baler's 

.         / 

,         / 

/ 

it%E 

4ittE 

' '  (7)- 
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Unfortunately  neither  of  these  end  conditions  is  ever  found  in  practice.  The  nearest 
approach  to  a  pivoted  end  is  the  ordinary  pin  connection,  but  the  pin  so  nearly  fills  the  hole 
that  when  the  column  is  loaded  the  frictional  resistance  to  slipping  is  a  very  material  source 
of  strength  to  the  column  by  preventing  lateral  deflection.  The  strengthening  effect  of  the 
pin  is  greater  the  larger  the  ratio  of  its  diameter  to  the  radius  of  gyration  of  the  column,  but 
even  a  very  small  pin  well  oiled  gives  a  much  higher  test  for  long  columns  than  a  perfectly 
frictionless  or  knife-edge  bearing. 

The  nearest  approach  to  a  fixed  end  commonly  found  in  structures  is  a  squarely  abutting 
end  upon  a  rigid  or  fixed  base.  This  is  equivalent  to  a  fixed  end  for  short  lengths,  but  for 
long  lengths,  where  the  fibres  on  the  convex  side  come  into  tension,  the  square-ended  column 
no  longer  acts  as  a  fixed  end,  since  the  joint  cannot  usually  resist  tension. 

137.  A  New  Formula. — For  theoretically  perfect  columns  and  central  loading,  failure 
would  occur  by  methods  I  and  III,  and  along  the  lines  ABD^  Fig.  207,  for  pivoted  ends,  and 
along  AFH  for  fixed  ends,  if  these  conditions  could  be  perfectly  satisfied.*  Any  failure 
in  these  necessary  limitations,  either  as  to  the  column  itself,  its  loading,  or  its  end  bearings, 
would  result  in  lowering  the  maximum  unit  stress,  except  for  very  short  or  for  very  long 
lengths.  Unless  the  loading  is  very  eccentric,  failure  will  always  occur  on  very  short  lengths 
for /=/=  elastic  limit  of  the  material.  For  very  long  lengths  the  column  fails  almost 
wholly  by  bending,  so  that  here  the  only  significant  condition  is  the  value  of  the  modulus  of 

/ 

elasticity,  the  end  conditions,  and  the  ratio  ~.     But  these  extremes  include  all  practical 

T 

lengths  of  columns,  and  hence  we  may  say  that  the  actual  strength  of  a  given  column  may  be 
found  anywhere  within  a  field  of  considerable  width,  depending  on  a  number  of  indeterminate 
conditions.  Any  convenient  formula,  therefore,  having  its  locus  centrally  located  in  this  field 
of  experimentally  determined  results,  and  satisfying  the  theoretical  requirements  for  very  long 
and  for  very  short  columns,  where  the  unknown  functions  are  relatively  unimportant,  may  be 
considered  as  satisfactory.    Gordon's  formula  very  fairly  satisfies  this  requirement,  being  of 

/ 
the  form  p  = jjr\  •     It  is  not  as  convenient  of  application,  however,  as  the  one  now 

■+j(?) 

proposed,  which  is  of  the  form  pruzf^b  (— j  .    If  the  coefficient  b  in  this  formula  be  evaluated 

so  as  to  make  the  locus  tangent  to  that  of  Euler's  curve,  and  the  formula  used  for  all  lengths 
up  to  this  point  of  tangency,  it  will  give  values  as  near  the  average  of  those  obtained  from 
actual  experiments  as  possible. 

To  find  the  Equation  of  the  Parabola  having  its  Vertex  at  the  Elastic  Limit  on  the  Axis  of 
LoadSj  and  Tangent  to  Euler^s  Curve, 

For  hinged  and  for  flat  ends  an  empirical  coefficient  must  be  found  which  will  make 
Euier's  curve  best  fit  the  observed,  strength  of  very  long  columns.  The  general  form  of 
Euler's  formula,  for  all  varieties  of  end  conditions,  is 

P  CTt'E  ,      , 

3='=^ '"' 

For  hinged  ends  we  shall  use 

ci^  =  16, 

and  for  square  or  flat  ends  we  will  make 

cn^  =  25. 

The  value  of  E  will  be  taken  as  28,5cx),ooo  for  steel  and  27,000,000  tor  wrought-iron.  . 


*  See  Mr.  Marshall's  paper  referred  to  in  foot-note,  p.  159. 
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We  have,  therefore,  as  Euler's  formula  for  Wrought-iron  Compression  Members, 


For  Hinged  EndSy    p  = 


432,000,000 


^ 


(13) 


For  Flat  Endsy       p  = 


675,000,000 


^) 


(14) 


These  are  the  curves  BCD  and  FGH  in  Fig,  207.  The  line  ABF  marks  the  elastic 
limit  of  wrought-iron,  and  A'B'F'  the  elastic  limit  of  steel.  The  tangent  curves  AC  and 
A  G  are  parabolas,  with  vertex  at  A  and  an  axis  in  A  (?,  drawn  tangent  to  Euler's  curve  for 


80^100 


!5^ 


kor 


^/\ 
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hinged  and  for  flat  ends  at  the  points  C  and  (7,  respectively.  These  are  the  loci  of  the 
wrought-iron  formulae  for  ordinary  lengths,  while  the  analogous  curves  A'C^  and  A'G'  are  the 
loci  of  the  formulae  for  steel  columns.  The  complete  loci  showing  the  strength  for  all  lengths 
are  ACD  and  AGH  for  wrought-iron,  and  A' CD  and  A'GH  for  steel  columns.  The  equa- 
tion of  these  tangent  parabolas  takes  this  form  : 


Tangent  Parabola^    y-^f—  b^. 


(15) 


The  equation  of  Euler's  formula  takes  the  form. 


k 


Euler's  Curves    y  :=z^ 


(16) 


We  wish  now  to  find  the  value  of  x,  ( =  -1,  at  the  point  of  tangency,  and  the  value  of  the 
coefHcient,  b,  which  will  pass  the  parabola  through  this  point.     The  equations  of  condition  are 
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dy 
found  by  making  -y^  equal  for  the  two  curves,  and  then  equating  the  two  values  of  y^  or 

making  the  equations  simultaneous  for  the  point  of  tangency.    Thus^ 


and 


dy 

-J-  from  eq.  (15)  =  —  2bx 

g-  from  eq.  (i6)  =  -  |r 


(i;) 


Making  the  two  values  o(y  equal  for  the  point  of  tangency,  we  have 

/-*^=i,   or  *  =  /-| 

From  (17)  and  (18),  by  elimination,  we  may  find 


(18) 


(=.')=>/? 


and    i  =  ^ 


which  substituted  in  (15)  and  (i5)  we  obtain : 


Eg.  Tang.  Parabola,    p^f—  ^(-)  ^ 


Eq.  Euler*s  Curve^      p  = 


W!- 


(19) 
(ao) 


For  wrought-iron,  hinged  ends,    k  =  \6E  =  432,000,00a 

For  steel,  hinged  ends,  k  =  \6E  =  456,000,00a 

For  wrought-iron,  flat  ends,         k  =  2^E  =  675,000,00a 

For  steel,  flat  ends,  k  =  2^E  =  7 12,000,000. 

For  wrought-iron,  the  elastic  limit,  =  /=  34»oxx 

For  mild  steel,  the  elastic  limit,  =  /'  =  42,000. 

The  elastic  limit  of  rolled  metals  increases  with  the  amount  of  work  put  on  the  bar,  or  it 
varies  inversely  as  the  thickness  of  the  finished  plate  and  inversely  with  the  temperature 
when  leaving  the  rolls.  Since  compression  members  are  made  up  from  sections  having  thin 
webs,  from  f  to  J  inch  thickness,  the  average  elastic  limits  of  wrought-iron  and  mild  steel 
will   be  about   as   here   taken.*     Hence  we  may  write  the   following    numerical  formulae, 


remembering  that  the  parabolic  law  only  applies  from  —  =  o  to 


as  shown  above 


in  the  value  found  for  x  at  the  point  of  tangency.     With  the  values  of  k  and  x  here  taken,  we 
have 

FORMULAE  FOR  THE  ULTIMATE  STRENGTH  OF  COLUMNS. 


For  Wrought-iron  Columns,  Pin  Ends, 


-<i70,    /=  34.000  -  .67(-) , 


/  _  432,000,000 

r>i7o,   /  =  - 


»o 


(^y 


(ai) 


*The  great  change  in  the  elastic  limit  for  different  thicknesses  of  finished  sections,  and  for  different  conditions  of 
foiling,  especially  the  temperature  when  leaving  the  rolls,  largely  accounts  for  the  extraordinary  range  of  the  retttlu 
ol  tht  •xptrimtattU  (mm  of  wrought-iron  and  ttttl  columDt. 
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f  /  - 


For  WroughUiron  Columns^  Flat  Ends, 


2IO,     /  = 


/_ 

-Z"   2IO,     p 


34,000  — 43(-) 
675,000,000 


»•• 


'  (22) 


For  Mild  Steel  Columns^  Pin  Ends, 


t  ^ 


f  /  _  //V 

-  <  1 50,   /  =  42,000  -  .97^-J  , 


l£  = 


I 


ISO,    /  = 


456,000,000 


(^y 


(23) 


For  Mild  Steel  Columns,  Flat  Ends, 


W  = 


190,    p  = 


p  =  42,000  -  .62(-)  , 
712,000,000 


t    •% 


c^r 


(24) 


In  actual  practice  —  is  nearly  always  less  than  150,  and  usually  less  than  ioo»  so  that  the 

formula,/  =  /—  ^(-)  covers  the  entire  range  of  ordinary  practice. 

For  Cast-iron  Columns  we  have  had,  until  recently,  no  full-sized  tests.  The  formulae  here- 
tofore used  for  these  columns  have  been  based  on  crushing  tests  of  small  specimens.  The 
tests  on  full-sized  cast-iron  columns  made  at  the  Watertown  Arsenal  in  1887  were  discredited 
in  the  official  report  of  them  by  the  statement  that  they  were  of  an  unusually  poor  quality 
of  cast-iron.  In  1897  another  series  of  tests  were  made  on  full-sized  cast-iron  columns  at 
Phoenixville,  Pa.,  and  as  these  were  of  the  ordinary  quality,  and  their  results  agreed  well  with 
those  made  in  1887,  they  have  all  been  accepted  now  by  engineers  and  architects  as  indicat- 
ing the  real  strength  of  cast-iron  columns.*  From  these  tests  the  following  formula  may  be 
used  as  expressing  the  average  ultimate  strength  of  cast-iron  columns  with  flat  ends. 


For  Cast-iron  ColumnSy  Flat  Ends 


For  White  Pine,  Flat  Ends, 


For  Short-leaf  Yellow  Pine,  Flat  Ends, 
For  Long-leaf  Yellotv  Pine,  Flat  Ends, 


For  White  Oak,  Flat  Ends, 


-  <  120, 

r 


d< 


/>  =  34,000- 88-. 


(25) 


60,    /  =  2500 


d 


-;<    60,     /=  3300 


T  ^     60,      /  =  4000 


d 
I 

a 


-  ^4V 


--^      60, 


/  =    3500    -    0.8b)   • 


(26) 


In  Fig.  208  are  shown  the  plotted  results  of  all  the  most  reliable  tests  of  full-sized  columns 
ever  made.  The  loci  of  the  Parabolic  Formulae  given  above,  of  the  Gorden-Rankine  Formulae, 
and  of  Johnson's  Straight-line  Formulae  are  all  drawn  for  both  iron  and  steel. 

138.  Johnson's  Straight-line  Formulae.— In  1886  Mr.  Thos.  H.  Johnson,  M.  Am. 
Soc.  C.E.,  presented  a  paper  to  the  American  Society  of  Civil  Engineers  in  A^hich  he  showed 
that  a  straight-line  formula  could  be  made  to  fit  the  plotted  observations  of  column  tests,  as 
well  as  any  curve,  for  all  the  ordinary  lengths.     He  used  Euler's  curves  for  the  great  lengths 

♦Sec  Johnson's  Materials  of  Construction,  second  and  subsequent  editions,  p.  474- 

t  See  IVattrtown  Arstnai  Sxptrimtnts,  in  Johnson's  AiaitriaU  of  Comtruction,  pp.  682-4, 
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to  which  it  is  applicable,  and  made  his  straight-line  loci  tangent  to  these  curves.  Although 
these  linear  equations  can  be  made  to  fit  the  observed  results  for  ordinary  lengths  as  well  as 
any  other  (see  these  loci  in  Fig.  208),  they  give  too  great  values  of  the  ultimate  strength  for 


Aa.DkBli  Nau  CK.T. 


Fig.  208. 


the  shorter  lengths,  provided  failure  be  taken  at  the  clastic  limit  of  the  material,  or  where  the 
meipher  takes  on  an  appreciable  permanent  set.  Mr.  Johnson*s  formulae  are,  however,  the 
simplest  ever  yet  proposed  and  have  come  into  very  general  use.     They  are  as  follows  : 

Wrought-iron — Hinged  Ends,  /  =  42,000  —  IS7 - 

T 


it 


Flat 


« 


p  =  42,000  —    128    -. 

r 


Mild  Steel,         Hinged  Ends,    /  =  52,500  —  220  -. 

r 


a 


u 


Flat 


« 


/  =  52,500-  179 -. 
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139.  Formulae  to  be  Used  in  Dimensioning.*— All  working  formulae  must  include  a 

factor  of  safety.    It  has  been  customary  to  introduce  this  as  a  common  factor  in  the  right-hand 

member  of  the  ultimate  strength  formula.     This  is  clearly  wrong.     Referring  back  to  for- 

vy 
mula  (i),  p.  160,  we  see  that  the  second  term  in  the  denominator,  -=y,  represents  not  only 

any  known  or  unknown  eccentricity  of  loading,  but  also  all  structural  weaknesses,  like  initial 
*  bending,  internal  stress,  unsymmetrical  cutting  away  of  parts,  etc.,  and  hence  some  value 
must  be  given  to  this  term  even  when  the  loads  are  assumed  to  be  symmetrically  placed. 
The  giving  to  this  term  an  arbitrary  value  is  therefore  equivalent  to  introducing  a  factor  of 
safety.  If,  for  centrally  placed  loads,  Ave  give  this  term  a  value  of  unity,  this  is  equivalent  to 
making  the  factor  of  safety  two  for  short  columns,  since  the  third  term  in  this  denominator 
practically  vanishes  for  short  lengths.  This  factor  may  also  be  regarded  as  a  factor  of  safety, 
for  the  stress  on  the  most  compressed  fibre,  or  as  a  factor  of  safety  as  to  the  maximum  stress^ 
If  now  we  arbitrarily  introduce  a  factor  of  safety  of  two  as  common  to  the  entire  denomi- 
nator, we  may  call  this  a  factor  of  safety  as  to  ike  loads,  which  also  applies  to  the  stresses  as 


10,000 


IjOci  of  column  formula  for 
pivotkd   and  for   pin   ends. 

(A)— Crehore's  theoretical  tonn  m  liaiAlne's  Formula  for 

Pivoted  Ends:  pAU^'^r^') 
(B)~Tlie  Author's  Parabolic  Formula  fop  Pivoted  Ends: 

P=K/-1-S3(f)') 
(C)— The  Author's  New  Formula  for  Pivoted  Ends: 


8£      I-  ) 

(D)-  The  Author's  Parabolic  Formula  for  Pin  Ends: 

p=|(/-O.OT  ^r)') 

Formula  for  Phi  Ends: 


2,500 


0 


p  «  working  load  -pet  sq.  in. 
/  ~  apparent  Elastic  limit 

»  42,000  for  mild  steel. 
E  » modulus  of  Elasticity 

«  28,600,000. 
I  ==■  length  of  column, 
r  "■  least  radius  of  gyration. 

"So— 
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a  matter  of  necessity.  The  result  is  we  now  have  a  factor  of  safety  of  two  for  very  long 
columns  (where  the  terms  I  +  ""T  ^^^  of  little  relative  value),  and  of  four  for  very  short 

columns  (where  the  last  term  in  (- )  has  little  relative  value).     This  is  as  it  should  be,  since 

the  strength  of  a  very  long  column  is  not  a  matter  of  stress  on  the  most  compressed  fibre, 
but  purely  a  matter  of  stiffness,  or  ability  to  remain  straight,  or  unbent,  under  its  load. 
Here,  therefore,  we  need  only  a  factor  of  safety  as  to  the  load.  By  proceeding  in  this  man- 
ner we  may  say : 

(i)  The  column  will  stand  even  though,  for  unknown  reasons,  the  stress  on  the  most 
compressed  fibre  is  twice  as  much  as  it  has  been  computed ;  and 

(2)  It  will  also  stand  even  though  the  load  is  twice  as  great  as  it  has  been  assumed. 

When  a  factor  of  safety  of  four  is  taken  as  a  common  factor  for  the  entire  denominator, 
we  are  making  this  wholly  a  load  factor  for  very  long  columns,  which  is  unreasonable,  as  we 
do  not  propose  to  provide  for  four  times  as  great  a  load  ^?i  has  been  assumed.  Making  these 
••americal  changes,  equation  (1),  p.  160,  becomes  equation  (28)  below. 

«  Thif  articlt  addtd  in  tht  Sixth  SdUlon, 
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Flo.  9oU.     Eqaatlon  (38). 


Fig.  loBr.     Equuion  (39). 


Fic.  xM.     (Equation  30). 
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The  locus  of  this  equation  is  curve  C  in  Fig.  208a.  It  should  be  compared  with  the 
author's  parabolic  formula  as  described  on  the  previous  pages,  here  shown  as  curve  B^  and 
also  with  Crehore's  theoretical  form  of  Rankine*s  formula,  here  shown  in  curve  A.  All  these 
formulae  and  loci  are  for  columns  ^Nith  pivoted  ends. 

For  pin  ends,  9tE  becomes  \6E,  by  experiment,  as  described  at  the  bottom  of  p.  148, 
and  for  square  ends  it  becomes  2^E,  Making  this  change  for  pin  ends,  we  obtain  the  curve 
marked  Fin  Fig.  208^?,  which  should  be  compared  with  the  author's  parabolic  locus,  curve  Z>, 
and  with  the  ordinary  locus  of  Rankine's  equation  for'pin  ends  as  there  given.  A  study  of 
these  curves  reveals  the  following  relations : 

For  Pivoted  Ends  (comparing  with  curve  C). 

(i)  The  Crehore  locus  (curve  A)  is  much  too  low,  as  shown  by  the  experimental  results 
given  in  Fig.  208.* 

(2)  The  author's  parabolic  formula  (curve  B),  having  a  factor  of  safety  of  four  throughout, 
runs  too  low  for  long  columns,  and  a  little  too  high  for  the  ordinary  lengths.  This  is  also  the 
case  to  a  similar  degree  with  the  formulae  for  pin  ends  (curve  /?),  and  it  is  also  the  case  for 
square  ends,  not  shown  in  the  diagram. 

For  Pin  Ends  (comparing  with  curve  F). 

(3)  The  locus  of  the  ordinary  Rankine  formula  lies  well  below  that  of  the  author's  new 

formula  /^  until  a  value  of  —  =  270  is  reached,  where  they  intersect.    This  difference  is  nearly 

20  per  cent  for  the  ordinary  lengths.     A  similar  difference  would  appear  for  the  formulae  for 
flat  ends  if  their  loci  were  plotted. 

Taking,  then,  the  formulae  C  and  F^  and  an  analogous  one  for  flat  ends,  we  have  the 
following 

WORKING  FORMULiE  AND  DIAGRAMS. 

For  Pivoted  Ends  {Fig.  20S6),    /  =  -/ /  .    ,.A (28) 


For  Pin  Ends  {Fig.  20&C),  /  =  -/ ^   ..  j  \ (29) 


Far  Flat  Ends  (Fig.  Ttiid),       P--( 7     ,,,a«I (3o) 


Giving  to/,  the  "  appa/ent  elastic  limit,"  values  from  30,000  to  50,000  for  different  grades  of 
wrought  iron  and  steel  (/  =  34,000  for  wrought  iron  and  /  =  42000  for  mild  steel  being  safe 
reasonable  values  for  shape  irons  in  thin  sections,f  and  taking  E  =  28,500,000  in  all  cases, 
there  results  the  various  curves  in  these  figures.     In  finding  unit  stresses  to  use  in  designing, 

/ 
therefore,  it  is  only  necessary  to  know  the  value  of  —  for  the  given  column,  and  the  kind  of 

metal  (/)  employed.  Since  r  does  not  change  appreciably  for  different  weights  of  section, 
but  only  for  different  sizes^  when  the  lateral  dimensions  of  the  column  are  given,  the  maker's 
handbooks,  or  Osborn's  Tables  of  Radii  of  Gyration^  will  give  at  once  the  value  of  r  with 
sufficient  exactness.     The  working  stress  (/)  can  then  be  taken  from  the  diagrams. 

Note. — For  short  heavy  columns,  such  as  are  used  in  buildings,  the  bending  of  the  columns  may  be 
neglected  and  provision  may  be  made  for  eccentric  loads,  as  indicated  in  Art.  478  in  the  formula 

A=^^(P  +  ZkP,) (31) 

where  A  :=  area  of  cross-section  of  columns; 

/  -s  maximum  crushing  stress  to  be  allowed  in  practice; 
/'.  =  total  load  on  the  column ; 
Pg  =  eccentric  load ; 
k  =  ratio  of  eccentricity  of  P^  to  the  half  width  of  the  column  in  that  direction. 

*  This  has  been  pointed  out  by  the  author  as  beings  true  on  both  theoretical  and  experimental  grounds.     See  lingi 
neering  AV«v,  vol.  XXXVii  (May  30,  1897),  p.  3x1.  t  See  Johnion's  MaUriaU  of  Construction, 
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CHAPTER   X. 
COMBINED  DIRECT  AND  BENDING  STRESSES.     SECONDARY- STRESSES 

Z40.  Examples  of  Combined  Stresses. — Whenever  a  tension  or  compression  member 
occupies  a  horizontal  position  it  is  evidently  subjected  to  a  cross-bending  stress  from  its  own 
weight.  If  other  transverse  external  forces  come  upon  it,  it  is  still  further  stressed  in  this 
way.  In  case  the  direct  loading  (tension  or  compression)  be  not  centrally  placed  over  the 
centre  of  gravity  of  the  cross-section,  or  if  the  member  itself  be  bent  from  a  right  line,  then 
there  would  be  a  bending  moment  upon  the  member  equal  to  the  direct  loading  into  its  arm, 
or  the  deviation  of  the  axial  line  of  the  column  from  the  right  line  joining  the  centres  of 
grravity  of  the  end  sections.  In  all  such  cases  the  member  should  be  dimensioned  for  both 
direct  and  cross-bending  stress,  and  the  computation  made  on  the  assumption  that  both  kinds 
of  loads  act  simultaneously. 

It  is  always  poor  economy  to  subject  a  member  to  bending  stress.  It  must  be  dimen- 
sioned for  the  stress  on  the  extreme  fibres,  while  the  strength  of  the  interior  portion  of  the 
section  remains  unused.  A  framed  structure  should  always  be  designed  so  as  to  obtain  only 
direct  stresses  in  all  its  members,  and  then  the  entire  cross-section  is  available  to  resist  the 
force  coming  upon  it.  It  is  for  this  reason  that  all  joints  should  be  designed  to  bring  the  cen- 
tre of  gravity  lines  of  all  the  members  to  a  common  point,  so  as  to  avoid  secondary  stresses 
from  bending.  The  use  of  knee,  portal,  and  sway  bracing  also  should  be  avoided  whenever 
possible,  as  it  usually  is  in  buildings,  trestles,  towers,  roofs,  and  deck  bridges. 

141.  Action  of  Direct  and  Bending  Stresses.— The  effect  of  any  finite  cross-bending 
load  upon  any  member  is  to  produce  a  corresponding  deflection  in  it.  The  effect  of  the 
direct  loading  is  to  increase  the  bending  moment,  and  therefore  the  deflection,  if  acting  so  as 
to  compress  the  member,  while  the  reverse  is  true  for  an  extending  force.  When  the  deflec- 
tion becomes  appreciable,  the  effect  of  these  direct  forces  upon  the  cross-bending  stresses  is  top 
great  to  be  neglected.  It  is  common  to  assume  that  these  two  classes  of  external  forces  act 
independently,  and  to  compute  their  separate  effects,  add  the  resulting  stresses  together,  and 
to  dimension  the  member  accordingly.  In  the  following  analysis  they  are  treated  as  acting 
fJmultaneously  and  the  true  cross  bending  stresses  found. 

142.  Derivation  of  a  General  Formula  for  Combined  Stresses. 

L?t  M.^  =  bending  moment  at  point  of  maximum  deflection,  from  cross-bending  external 

forces  and  from  eccentricity  of  position  of  longitudinal  loading ; 
%  rrz.  maximum  deflection  of  member  from  all  causes  acting  simultaneously: 
M^  =  bending  moment  from  the  direct  loading,  P^  into  its  arm,  v^ ,  =  /%/. ; 
P  =  total  direct  loading  on  member,  tension  or  compression  ; 

f^  =  unit  stress  on  extreme  fibre  from  bending  alone  at  section  of  maximum  bend- 
ing moment,  or  of  maximum  deflection,  as  the  case  may  be,  in  pounds  per 
square  inch ; 
/  =  length  of  member ; 
•       jl^  =  distance  from  centre  of  gravity  axis  to  the  extreme  fibre  under  consideration 

on  which  the  stress  from  bending  is/,; 

E  '^  modulus  of  elasticity ; 
\ 
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/  =  moment  of  inertia  of  the  cross-section ; 
b  =  breadth  of  a  solid  rectangular  section ; 

h  =  height  of  section,  out  to  out,  in  the  plane  in  which  bending  occurs,  =  2y,  for 
symmetrical  sections. 

f^  =  unit  stress  in  member  from   the  direct  loading,  supposed  to  be  uniformly 

p 
distributed,  =  —  • 

A 

y  =  total  maximum  unit  stress  on  extreme  fibre,  =^  +yi» 

All  dimensions  in  inches,  and  forces  in  pounds. 

In  c--i  cases  of  deflection  of  beams  of  constant  moments  of  inertia  the  maximum  deflec» 

tion,  in  terms  of  the  stre,ss  on  the  extreme  fibre^  is  given  by  the  equation 

*'-^ir w 

where  i6  is  a  numerical  factor. 

Thus  for  the  extreme  cases  of  a  beam  supported  at  the  ends  and  loaded  at  the  centre,  and 
for  the  same  beam  loaded  uniformly,  the  value  of  ^  is  ^j^  in  the  former  case  and  -^  in  the 
latter.* 

Since  almost  all  cases  in  practice  correspond  more  closely  with  the  condition  of  uniform 
loading,  the  value  of  k  will  be  taken  as  -^  or  ^.  We  then  have  as  the  general  relation 
between  the  deflection  of  a  beam  and  tne  stress  on  its  extreme  fibre 

In  all  cases  now  under  consideration  there  are  the  two  bending  moments  acting  on  the 
member,  M^  and  M^,  which  may  be  of  the  same  or  of  opposite  signs.  The  moment  of  resist- 
ance, or  the  moment  of  the  direct  stresses,  developed  at  any  section  must  be  equal  to  the 
algebraic  sum  of  the  moments  from  the  external  forces,  and  hence  we  may  write 

M,=  ^-  =  M,±M,  =  M,±Pv, (3) 

the  positive  sign  to  be  used  for  members  under  compression,  and  the  negative  sign  for  mem- 
bers under  tension. 

Putting  for  v^  its  value  from  (2),  we  have 

/.  =  ;^ ^ 

where  the  negative  sign  is  to  be  used  for  compression  members,  and  the  positive  sign  for 
tension  members. 

1  his  formula  is  perfectly  general,  and  applies  rigidly  to  all  forms  of  section  and  to  all 
forms  of  loading  without  material  error.  The  second  term  in  the  denominator  takes  account 
of  the  bending  moment  M^  =  Pv^ ,  and  can  be  neglected  in  all  cases  where  the  amount  of  the 
bending  is  known  to  be  inappreciable. 

Case  I.  Tension  and  Cross-bending. 

143.  Example  i.  Find  the  stress  in  the  extreme  lower  fibres  of  an  eye-bar  when  used  in  a  horizontal 
position  and  subjected  to  its  own  weight. 

Here  the  transverse  moment  is  that  due  to  its  own  weight.    If  we  take  a  section  at  tbe  centre  of  the 


*  These  factors  are  given  in  column  four  of  the  table  on  pages  143  and  144,  except  that  in  that  table  h  is  used  where 
here^'i  Is  employed,  which  Is  equal  to  h/2\  hence  the  factors  here  used  are  one-half  of  those  of  the  table. 

fThis  is  for  a  member  free  to  turn  at  the  ends.  For  a  member  fixed  at  the  ends  use  j^  or  0.031,  and  for  one 
end  fixed  use  fV  or  0.043  for  k,  f^  of  eq.  (4)  will  then  be  the  fibre  stress  at  the  end,  and  Afx  will  be  the  moment  at 
the  end-=.  -j^W  for  a  uniformly  loaded  beam.     The  fibre  stress  at  the  centre  will  be  practically  equal  to/1/2. 
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bar  and  equate  the  moment  of  resistance  of  the  internal  stresses  with  the  algebraic  sum  of  the  moments  due 
to  the  weight  of  the  bar  and  to  the  pull  upon  it  into  the  deflection  at  the  centre,  which  is  the  arm  of  this 
force,  we  have 

Ml    ^M^   =iM., 

or 


8  6 


(S) 


where  w  =  weight  of  bar  per  inch  =  0.28^^. 


Putting  vi  =  '^-^  from  (2),  and  P  =/ffiA,  and  taking  E  =  28,ooo»ooo,  we  have,  from  (5), 


SEA 


/i  = 


4,900,  ooai 


/.  +  23 


,ooo,ooof-j 


(<5) 


as  the  tensile  stress  per  square  inch  in  the  bottom  fibres.     The  total  stress  in  these  extreme  fibres  is  therefore 

4,900,000^ 


/=/.+/.= 


/. +  23 


,000,OOofyj 


P 


(7) 


144.  Effect  of  Height  of  Bar  on  Fibre  Stress, — From  eq.  (7)  it  is  seen  that  the  stress  on  the  extreme  fibre 
from  bending  of  an  eye-bar  under  its  own  weight  is  a  function  oi  h,  f%,  and  /.     If  f%  and  7  be  considered 
constant  and  h  allowed  to  vary,  we  may  find  the  depth  of  bar  giving  maximum  fibre  stresses  by  differentiat- 
ing eq.  (6)  with  reference  to/i  and  h,  placing  the  first  differential  coefficient  equal  to  zero,  and  solving  for  h. 
'    This  gives 

df 


^  =  o  =  23,ooo,oooA*  — /s/*. 


or 


k  = 


4800 


♦^. 


(8) 


for  height  of  bar  giving  maximum  fibre  stresses  from  their  own  weight. 

If  this  value  of  A  be  substituted  in  eq.  (6),  we  have,  as  the  stress  on  the  extreme  fibres  from  bending 
under  their  own  weight,  for  the  depths  giving  maximum  stresses. 


/Umax.)  —        ,— - 


(9) 


The  following  table  gives  the  depths  of  bars  having  maximum  fibre  stresses  from  bending  under  their  own 
weights,  and  also  the  amounts  of  these  stresses,  for  different  working  tensile  stresses  in  the  bar  and  for 
different  panel  lengths. 

TABLE  OF   DEPTHS   AND   MAXIMUM   FIBRE  STRESSES. 


Working 

Length  of  Bye-bars  in  Feet. 

Tensile 

Stresses 

in  pounds 

15 

20 

25 

30 

35 

40 

per 

square 

inch. 

Depth. 

Fibre 
Stress. 

Depth. 

Fibre 
Stress. 

Depth. 

Fibre 
Stress. 

Depth. 

Fibre 
Stress. 

Depth. 

Fibre 
Stress. 

Depth. 

Fibre 
Stress. 

8000 
lOOOO 
12000 
14000 
16000 

In. 
3-4 
3.8 
4.2 

4.5 
4.8 

Lbs., 
Sq.  In. 

lOIO 

900 

820 

760 

720 

In. 

4.5 

5.1 

5.6 

6.0 

6.4 

Lbs., 
Sq.  In. 
1340 
1200 
IIOO 
1020 
960 

In. 

5.7 

6.3 
6.9 

7.5 
8.0 

Lbs., 
Sq.  In. 
1680 
1500 
1370 
1270 
1200 

In. 

6.8 

7.6 

8.4 

9.0 

9.6 

Lbs., 
Sq.  In. 
2020 
1800 
1640 
1520 
1440 

In. 
8.0 

8.9 

9.7 
10.5 

"•3 

Lbs., 
Sq.  In. 

2350 
2100 
1920 
1780 
1680 

In. 

9.1 
10. 1 
II. I 
12.0 
12.9 

Lbs., 
Sq.  In. 
2690 
24*:o 
2190 
2030 
1920 

For  any  given  case,  where  the  depth,  length,  and  total  pull  per  square  inch  are  given,  use  eq.  (6)  for 
finding  fibre  stress  from  bending. 
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145.  Example  2.  Find  the  stress  in  the  extreme  fibres  of  an  eye-bar  {or  any  rectangular  tension  member) 
which  also  carries  an  external  load  of  W\  lbs,  per  linear  inch. 

This  problem  is  exactly  similar  to  the  former  one,  except  that  («/  +  zc^i)  is  now  to  be  used  where  w  alone 
was  used  before.    Using  this  notation,  we  have,  analogous  to  (5), 


8 -^«=V 


(10) 


from  which  we  have,  as  before* 


^  ^ ^io5,ooo(w  +  «fi) 

6^-=^  +  I4O.O00«jf  yj 


(II) 


1000 


Thus  if  the  cross-ties  of  a  bridge  should  rest  directly  on  the  eye-bars,  v/i/ would  be  one-half  of  a  total 
panel  load,  and  the  value  of  w  would  be  relatively  insignificant. 

If  «/  +  «/i  were  taken  as  900  lbs.  per  foot,  or  75  lbs.  per  inch,  and  two  eye-bars  in  each  chord  with  a 
section  of  4  in.  x  i  in.  be  used,  and  there  be  a  pull  of  14,000  lbs.  per  square  inch  on  these  bars,  and  they  be 
assumed  to  be  15  ft.  long,  we  have 

w-hwi  =  75;    ^  =  2;  /.  =  14,000;    ^  =  4;    and    /siSo^ 

whence /i  =  25,600  lbs.  per  square  inch  from  bending,  or  /  =/i  +/«  =  39,600  lbs,  per  square  inch  total  stress 
on  the  extreme  lower  fibres.  This  being  beyond  the  elastic  limit,  the  bars  would  permanently  elongate  on 
that  side  and  then  be  straightened  again  when  the  load  passed  off,  and  in  this  way  the  bars  would  become 
"  fatigued,"  and  finally  would  fail. 

It  may  be  interesting  to  note  that  if  the  pull  in  these  bars  be  neglected  in  the  computation  of  bending 
moment,  and  the  same  transverse  load  applied,  the  fibre  stress  would  be  about  $jjOOolbs,per  square  inch 
from  cross-bending  alone.  The  necessity  of  taking  account  of  the  simultaneous  action  of  the  two  moments 
is  thus  shown. 

146.  Example  3.  What  is  the  stress  from  flexure  in  a  lateral  tie-rod  i  in.  square,  40  ft.  long,  hanging 
freely  from  end  supports,  and  strained  up  with  an  initial  pull  of  10,000  lbs.? 

From  eq.  (4)  we  have 


-         Miyi 
/>  = ^71  = 


8000  X  i 


4000 


/  + 


pr 


loE 


\_      10,000  X  480  X  480      0.08  +  8.23 
12  280,000,000 


=  480  lbs.  per  square  inch. 


The  deflection  is  found  from  the  formula 

Vi=  —  -  '^-^  =  0.82  in. 
24     Eh 

This  member  is  so  shallow  as  to  act  like  a  wire,  the  depth  giving  maximum  fibre  stress  for  this  span  and 
unit  stress  being,  from  eq.  (8),  equal  to  10  in. 


Case  II.  Compression  and  Cross-bending.* 

147.  Example  4.  Find  the  extreme  fibre  stress  in  cross-bending  arising  from  its  own  weight  and  its 
compressive  load,  of  a  top-chord  section,  25  ft.  long,  composed  of  two  15-inch  channels  of  120  lbs.  per 
yard  and  one  20  in.  x  |  in.  top  plate. 

For  this  case  the  general  equation  (4)  takes  the  form 


A  = 


M\y\ 


/- 


Pr 
loE 


C12) 


The  endwise  loading  is  supposed  to  come  upon  the  section  at  the  centre  of  gravity  axis.  The  maximum 
fibre  stress  will  come  on  the  top  plate,  which  is  the  most  compressed  side  of  the  section.  The  value  of  /  for 
this  section  is  1 155,  and  of  yi  for  the  plate  side  6,04  in.    Taking  £  =  28,000,000  and  /«  =  7000  lbs.,  P  is 

*  In  the  following  three  examples  the  members  are  assumed  to  be  hinged  at  the  ends.  For  a  discussion  of 
liie  continuous  upper  chord  see  Art.  350a. 
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31}  X  7cxx>  =.  220,000  lbs.     The  bending  moment  at  the  centre  from  its  own  weight  is  98400  in.-lbs.    The 
length  is  300  inches.    We  have,  therefore, 

Mxyx  98,400  X  6.04 

^        ,      Pl^                  220,000  X  90,000 
/— II$S~ ^-^ — 

10^  280,000,000 

This  is  the  stress  on  the  plate  from  cross-bending  only. 

148.  Example  5.  What  is  the  effect  of  loading  the  above  column  at  the  centre  Une  of  the  channel-bars 
composing  its  sides  f 

This  is  a  common  error  in  construction  and  deserves  careful  consideration.  The  centre  of  gravity  axis 
of  this  section  is  1.83  in.  from  the  centre  line  of  the  channels.  If  we  now  omit  from  consideration  the 
weight  of  the  member,  M\  will  be  composed  wholly  of  the  longitudinal  force  Px  into  the  eccentricity  of  the 
loading,  which  is  1.83  in.     Hence  Mi  =  220,000  x  1.83  =  402,600  in.-lbs. 

In  this  case  the  plate  side  will  be  convex,  and  the  maximum  compressive  stress  will  be  found  on  the 
latticed  side  of  the  member.    For  this  side^i  =  9}  in.    The  other  factors  are  the  same  as  before.    Therefore 

^          Mxyx  402,600  X  9l         ^    ,.  ,    . 

/i  = ^  =    ^^^^_y^   =  3470  lbs.  per  square  Inch. 

^"""io^ 

149*    Example  6.    What  is  the  combined  effect  of  weight  of  member  and  eccentric  loading  t 
This  is  a  combination  of  the  conditions  named  in  Examples  3  and  4,  this  combination  being  a  common 
practice  for  upper  chord  members.    In  this  case  the  algebraic  sum  of  these  two  effects  must  be  taken.    Thus 
the  weight  of  the  member  would  produce  a  compression  ot  550  lbs.  per  square  inch  in  the  upper  fibres  and 

9-33 
a  tension  of  ^~  x  550  =  850  lbs.  on  the  lower  fibres.    The  eccentric  loading  gave  3470  lbs.  compression  on 

6.04 

these  latter,  the  algebraic  sum  of  the  two  being  2620  lbs.  per  square  inch  compression. 

P      220  000 
To  this  must  be  added  the  uniformly  distributed  load  /■«  =  •--=  — '- —  =  7000  lbs.  per  square  inch. 

Making  a  total  of 

f^^ft  +/i  =  2620  +  7000  =  9620  lbs.  per  square  inch. 

The  total  compression  in  this  member  is  about  37^  per  cent  greater  than  the  ordinary  specificafion 
would  allow. 

150.  Bending  Moments  in  the  Upper  Chord  of  a  Pratt  Truss  due  to  Weight  of 
Member  and  Pin  Eccentricity. — The  upper  chord  of  a  Pratt  truss  is  essentially  a  continuous 
girder,  receiving,  in  addition  to  its  direct  stress,  certain  bending  moments  due  to  its  weight  and, 
usually,  other  bending  momenls  due  to  the  eccentric  application  of  the  direct  stress  through 
eccentric  pins.  It  may  be  assumed  for  pvsent  purjx)ses  that  this  continuous  girder  rests  upon 
unyielding  supjx^rts  (the  deflection  of  the  entire  truss  introduces  very  small  additional  moments). 
The  bending  moment  due  to  weight  and  that  due  to  pin  eccentricity  will  be  sei)arately  considered. 
The  effect  of  the  deflection  of  the  member  itself  upon  the  latter  moment  will  be  neglected.  The 
following  notation  \vill  be  used,  all  dimensions  being  in  the  same  unit: 

u»==  weight  of  member  per  imit  length; 

/=^ length  of  panel; 

J  =  depth  of  member; 

5= total  direct  stress  in  end  segment  of  chord; 

e  =  eccentricity  of  pins,  i.e.,  distance  of  pin  from  centre  of  gravity,  assumed  uniform  throughout. 

(a)  Bending  Moments  due  to  Weight. — Assuming  a  uniform  weight  per  unit  length,  the  moments 
at  the  supports  (top  chord  joints)  can  be  obtained  at  once  from  the  coefficients  given  on  p.  151 
and  from  these  the  moments  at  any  desired  point.  The  moments  which  arc  of  significance  are 
those  near  the  centres  of  the  segments  where  the  maximum  buckling,  tendency  occurs.  These  will 
varj'  somewhat  for  different  numbers  of  panels  and  for  the  different  segments,  but  it  is  sufficiently 
accurate  to  assume  the  following  values: 
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For  intermediate  segments  Mc^  +  — wP, 

24 

For  end  segments  Aff=  +  -^u'/*. 


{i2a) 


For  the  intermediate  segments  the  centre  moment  is  the  one  given,  but  for  the  end  segment  the 
moment  is  a  maximum  at  a  point  about  f/  from  the  end,  and  this  is  the  moment  given. 

If  we  express  w  in  terms  of  the  area  of  cross-section  and  assume  that  the  distance  from  the  centre 
of  gravity  to  the  upper  fibre  is  equal  to  .4^  and  that  the  radius  of  gyration  is  the  same,  we  have 
the  following  approximate  formulae  for  fibre  stress  from  bending: 

For  intermediate  segments  /  =  .03-1. 


For  end  segments  /='056-». 


(I2ft) 


J 
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Thus  if  /=2S  feet  and  i=2o  in.,  /=.o3X ^- —  =  +  35  lbs.  per  sq.  inch  for  intermediate 

segments. 

An  inspection  of  these  formulae  indicates  that  the  stresses  caused  by  the  weights  of  the 
members  are  small. 

(6)  Bending  Moments  due  to  Pin  Eccentricity. — ^The  upper  chord  of  a  seven-panel  truss  will 
first  be  investigated.  It  will  be  assumed  that  the  bridge  is  uniformly  loaded.  Fig.  2o8e  shows 
a  diagram  of  the  chord  with  arrows  indicating 

the    moments   M'    and    M"    introduced   at   the       ... mL^ y^" — ^^.  , 

several  joints  by  reason  of  the  pin  eccentricity.         a  b  c  a  ^  / 

At  a  and  /  the  moment  is  equal  to  the  total  ^^^  *o^*- 

stress  in  the  member  multiplied  by  the  eccen- 
tricity, =  5e;  at  b  and  c  the  difference  in  chord  stress  is  all  that  is  transmitted  through  the  pin.    At 
c  and  d  no  additional  r.tress  is  applied.    For  a  seven-panel  truss  it  is  readily  shown  that  M"  =  iM\ 

Let  Ml,  ikf,,  M3,  etc.,  be  the  bending  moments  at  a,  b,  c,  etc.,  caused  by  Af' .  From  the 
three-moment  equation,  (14a),  p.  14^,  there  being  no  loads  on  any  span,  we  have 

Mi+^M^+'M^^o    and    3/2-1-4^3+^1/4  =  0. 

It  is  evident  also  that  M^  =  M^^M'\   M^  =  M^\   M^==M^.    Whence  is  derived 

M,  =  ^M'    and    M,=  -i)^M' (12c) 

To  enable  the  effect  of  M"  to  be  calculated  readily  it  will  be  desirable  to  consider  this  moment 

\p  U'       '  ^^  caused  by  the  couple  PX2a  as  shown  in  Fig. 

>a         hp  ^^'  '  <'-^:m_"  208/,   the    distance   a  being    very    small.       Then 

a^'^^  '^  ''      '  M"  =  2Pa\  M,  =  il/„=o;    M^  =  M^\  and  M,=-M,, 

Pio.  208;.  Applying  the  three-moment  equation  to  a,  6. 

,     fit  l~a 

and  c,  we   have,  notmg   that  k^j  for  span  be  ana=    j-  ^^^  span  aOf 

4MJ+M^^o. 
And  applying  it  to  i,  c,  and  d,  we  have 

M^+  4MJI+  MJ = Pl\k  -  *»). 

As  a  is  very  small,  we  may  neglect  *M  ^ir)  and  write   Pl\k'''k^)^Pla^\M"l.    Substituting. 

we  derive  from  the  two  equations 

M,=  -A^''     and     M.^^M^' (i2d) 
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The  maximum  moment  in  span  ab  occurs  under  load  P,  or  just  to  the  left  of  the  joint,  and  is  equal 
to  Pa—  Ifj^  +t\^">  and  on  the  right  of  the  joint  under  load  P  the  moment  is  equal  to  -rsM"— 
M"  =  — fJAf".  Combining  these  results  with  those  of  eq.  (12c)  and  substituting  Se  for  M'  and 
^Se  for  M'\  we  derive  the  following  total  bending  moments: 

M^-Se\ 


2Xa, 

on  the  left  of  ft, 

on  the  right  of  i, 


M=  +  .35&S^; 
If  =  +  .1585^; 
Af=.  — .0325^. 


(12^) 


The  sign  of  the  moment  will  be  correctly  given  if  e  is  considered  positive  when  measured 
downwards  from  the  centre  of  gravity,  the  usual  case. 

The  diagram,  Fig.  208^,  represents  to  scale  the  moments  throughout  the  chord  due  to  pirn 

eccentricity. 

In  a  similar  manner  the  bending  moments 
for  a  truss  of  any  number  of  panels  may  be  calcu- 
lated. 

As  in  the  case  of  the  weight  effect,  the  signifi- 
cant moments  are  those  which  occur  near  the  centres  of  the  segments  These  have  been 
calculated  for  trusses  of  5,  6,  7,  and  8  panels,  and  the  results  are  here  given.  For  the  intermediate 
segments  the  centre  moment  is  given,  and  for  the  end  segment  the  moment  at  the  fths  point. 


Flo.  208^. 


Bending  Moments  due  to  Pin  Eccentricity. 

S^  stress  in  end  segment;  <r«=  eccentricity. 

I  s  t  panel    Jf  j  =  —  •  5  S'S'^ 

Mi  =  —  .^oSe 
Mc=  +  -o$Se 

Mi  =  —  .$iSe 
Me^  +  >o6Se 
Mc=  —  -o^Se 

M|=  — .525^ 
Mc=  +  '06Se 
Mc'=  ^.o2Se 


1  (  ist 

5-panel  truss  <    J 

(  ist  panel 
6-panel  truss  j    j      « 

I  I  St  panel 
2d 
3d 

r  ist  panel 
8-panel  truss  <  2d 

i3d 


(( 


(( 


it 


« 


(12/) 


General  Conclusions, — From  these  calculations  wc  may  conclude: 

1.  That,  cxcc])t  in  the  end  segment,  the  moment  due  to  eccentricity  of  pins  is  relatively  vcr\' 
small,  and  even  for  a  large  cccentricily  is  of  little  consequence. 

2.  That,  on  account  of  the  var\'ing  sign  of  this  moment,  it  is  impossible  in  general  to  balance 
moment  due  to  weight  l)y  making  pins  eccentric,  but  as  such  moment  is  small  this  is  not  n.cjssarj'. 
If  desired,  the  moment  in  the  end  segment  may  be  balanced  where  it  is  a  maximum  by  using  an 

eccentricity  found   by  writing  ,s,^Se  =  ^%wi'.     This   reduces  approximately  to  ^=.05—,   where 

w  =  unit  stress  in  member.     For  /  =  3oo  and  w  =  90oo,  e  =  Y'. 

3.  That  a  comparatively  large  eccentricity  is  unobjectionable  except ^s  it  affects  the  end 
segment,  in  which  it  causes  a  moment  of  —Se  at  the  end  and  about  one-half  of  this  amount  ui 
the  centre,  the  latter  being  reduced  by  the  positiv.  r .o::  :it  due  to  weight. 
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It  should  be  observed  that  this  discussion  does  not  apply  to  chord  members  or  end  posts  hinged 
at  both  ends.  Such  members  are  analyzed  as  explained  in  Art.  147.  In  this  case  both  weight 
and  pin  eccentricity  have  a  large  effect  and  the  balancing  of  the  resulting  moments  is  a  matter  of 
considerable  importance. 

151.  Fixed  End  Posts  with  the  Upper  Ends  not  Fixed  in  Direction. — Let  Fig.  2oSa 
represent  a  portal,  or  a  bent  of  an  elevated  railroad   or  of  a  steel  frame  building,  having  the 

posts  fixed  in  direction  at  the  ground  and  having  a  single 
i  \  j^yJ — P  system  of  diagonal  bracing  as  shown.  The  problem  is  to  find 
I      /•     !         the  point  of  inflection  x^  from  the  base,  and  then  the  values 

of  the  reactions  If  and  V  upon  the  columns.  These  reactions 
will  be  the  same  as  in  form  i,  Art.  115,  Chap.  VII,  when  the 
point  of  inflection  is  treated  as  the  base  of  the  column.  The 
problem  is  simplified  by  considering  a  simple  beam,  as  in  Fig. 
208^,  fixed  at  one  end  and  subjected  to  the  forces  R  and  Q, 
the  determining  condition  being  that  the  deflections  of  the  beam 
at  D  and  C  shall  be  equal.  This  is  the  effect  of  the  portal 
bracing  when  taken  as  absolutely  rigid  as  compared  with  the 


^  ,    Plane  of  Contraflexnre   | 


I 


I 


Fig.  208^. 


Fig.  2o8<2. 

deflections  of  the  columns.     Referring  now  to  Fig,  208^,  we  have  from  the  general  equation  (9), 

\'^'\  d^y 

page..ii3^  M^  =  £/-^  for 

For  X  <Zy 


dx' 


any  section. 


M.  <.  =  £/^,  =  R{c  -X)-  Q(z  -  x). 


(13) 


For  the  point  of  inflection,  where  x  =  x^^wq  have 

M,^  =  o  =  R{c-x.)^Q{^-x,) 

Integrating  eq.  (13)  between  the  limits  o  and  js,  we  have 

which  is  EI  times  the  angle  of  the  deflected  column  at  Z?. 
For  ;r  >  jsr, 

M^^,  =  EI^,  =  R{c-x), 

and  we  have  for  the  portion  beyond  /?, 

dy 
-ff/^  =  angle  at  D  from  (15)  +  angular  change  beyond  D, 


(14) 


(15) 


(16) 


Integrating  this  ^ain  from  js  to  c,  we  obtain  the  deflection  at  C  as  compared  to  that  at  D. 
But  by  the  conditions  of  the  problem  D  and  C  deflect  equally,  and  hence  this  last  integral  is 
zero,  or  from  (i6). 
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whence 

e~2^+2«r-^ ('^) 

But  from  (14)  we  have 

R     s^x^ 

Q'^T^^T.' .0   (19) 

whence 

s(b  +  2C\ 

This  gives  the  point  of  contraflexure  at  which  H  and  V  (as  in  Art.  1 1 5)  are  to  be  applied. 
If  P  is  the  total  applied  external  force  at  C^  as  in  Fig.  2o8«,  we  have 

^  =  f.    and     V^P^^^ (21) 

Maximum  bending  moment  on  column  (at  its  base)  =  Hx^  ;*  ) 

Bending  moment  at  Z?  =  H{z  -  ;r,) ;  r     '     '     ^^^^ 

since  the  horizontal  and  vertical  reactions,  H  and  V,  must  be  supposed  to  act  at  the  point  of 
inflection. 

The  remaining  analysis  is  exactly  the  same  as  that  given  in  Art.  115,  using  here  ^  —  ;ra  in 
place  of  c. 

Thus,  with  centre  of  moments  at  Z?,  we  have 

Stress  in  CC  =  PJ^h{^-^')  =  p[i  +  ^-^^ (23) 

With  centre  of  moments  at  C\  we  have 

Stress  in  Z)Z)'  =  /r(^^^^'')=p(^-=-^) (24) 

From  2  vertical  components  =  o  we  have 

Stress  in  C'Z?  =  F sec  ^=  F—-i- (25) 

If  Z  =  compressive  stress  in  the  column  from  the  vertical  loading,  then 

L  -{-  V  =i  total  direct  stress  in  A'C^ 
and 

Z  —  F  =  total  direct  stress  in  AC* 

p 

The  maximum  bending  stress  in  the  column   by  (22)  is  at  the  base  and  is  — x^^ 

From  eq.  (12)  we  then  have  for  the  stress  in  the  extreme  fihrt  from  bending 

p_ 

^  ~  6E       ^ 6E 

The  requisite  strength  of  anchorage  may  oc  computed  from  the  bending  moment  at  the 
base  of  the  column  (eq.  (22)). 

This  problem  is  usually  solved  by  assuming  the  point  of  inflection  ^z  from  the  base.    For 

*  Since  x^  is  always  greater  than  -,  it  follows  that  the  bending  moment  at  the  base  of  the  column  is  always  greater 

than  at  />. 

\  Here  the  coefficient  is  -  instead  of  -~»  as  in  eq.  (12),  since  the  Reflection  is  that  of  a  beam  of  length  -  tixcd  at  one 
'  6  10  2 

end  and  loaded  at  the  other. 
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the  extreme  case  where  ^  =  ^r  =  — ,  eq.  (20)  gives  x^  =  \z.    When  e  is  less  than  this  the  point 

of  inflection  approaches  the  middle  point  between  A  and  Z>,  so  that  it  may  be  said  this  point 

3  5 

lies  somewhere  between  -  and  7:  z  above  the  base  for  all  cases  of  fixed  base.     But  this  base  is 

2  8 

never  perfectly  fixed  in  direction,  and  any  flexibility  here  would  lower  the  point  of  inflection. 
Neither  is  the  web  bracing  above  perfectly  rigid,  and  any  distortion  here  would  raise  the  point 
of  inflection,  so  that  these  assumptions  may  be  considered  as  offsetting  each  other,  and  the 
formulae  applied  rigidly  as  above. 

152.  The  Trussed  Beam. — A  wooden  beam  is  often  trussed  as  shown  in  Fig.  209. 
There  are  usually  two  tie-rods  passing  outside  the  beam  and  having  their  nuts  bearing  upon  a 
cast-  or  wrought-iron  end-plate.  At  the  middle  a  strut-piece  or  king-post  is  inserted,  of  any 
desired  length.  The  beam  being  continuous,  the 
load  carried  at  C  will  be|*  of  the  total  uniformly 
distributed  load,  or  Jw/,  where  w  =  load  per  linear 
inch  of  beam  and  /=  the  half-length  AC.  The 
greatest  bending  moment  in  the  beam  occurs  at 
Cy  and  hence  here  is  to  be  found  the  greatest  fibre 
stress  from  bending.  For  reasonable  depths  of 
truss,  Hy  the  deflection  of  C  would  be  inappreciable 
and  may  be  neglected  in  computing  /,.  The  ordinary  solution  will  hold  here,  therefore,  or 
the  fibre  stress  may  be  found  for  the  cross-bending  alone  and  added  to  that  from  the  direct 
compression. 

We  have,  for  the  bending  moment  at  C, 


^.  =    g-,    or 

for  a  beam  of  solid  rectangular  section. 
The  direct  compression  in  the  beam  is 

8    H' 


/.  = 


M,y, 


3  f»l* 
4 


blf 


(27) 


Therefore 


P      5  wl* 
*"'    J*-  bh~ZHbh' 


tor 


The  stress  in  the  tie-rod 


f  =  f^+f*=   8M^^6/^+5A) 


(28) 


(29) 


(30) 


TAe  Queen-post  Truss  without  Counters, — If  the  counter-struts  shown  by  dotted  lines  in 
Fig.  210  {a)  be. omitted,  as  is  often  done  in  unscientific  construction,  especially  when  a  beam 
is  trussed  from  below  by  a  tie-rod  and  two  posts,  any  want  of  symmetry  in  the  loading  pro- 


1. 


s 


f=H-H 


(O)  Rs  IRi  f         ^^) 

Fig.  2ia 

< 

duces  a  bending  of  the  loaded  beam,  as  shown  in  Fig.  210  {b). 

Let  it  be  assumed  that  the  beam  is  supported  by  the  tie-rods  at  points  ^/from  each  end 
Place  the  load  W  at  one  of  these  points  and  find  the  stresses  in  all  the  members. 


*  3ce  schedules  o(  moments  and  shears  on  pages  151  and  152. 
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Let  H  =  height  of  truss ;  h  =  height  of  bottom  chord ;  b  =  breadth  of  bottom  chord ; 
/=  length  of  bottom  chord  between  end  joints.  Since  the  combination  acts  as  a  whole  to 
carry  the  load  W  to  the  abutments,  the  same  as  any  beam,  the  supporting  forces  are 

■ 

^        W       ^       2W 
"       3  "        3 

It  Is  evident  at  once  that  the  load  fF  divides  itself  between  the  truss  and  the  bottom 
chord  acting  as  a  beam,  and  that  the  truss  will  distort  as  shown  in  Fig.  210  (i).  A  part  of  W 
therefore,  is  carried  by  the  tie-rod  DF,  and  the  remainder  rests  on  AB  at  i^  as  on  a  beam.  To 
find  the  relative  value  of  these  two  portions  into  which  IV  is  divided  we  have — 

1.  Since  the  distortion  is  small  and  CD  remains  sensibly  horizontal,  and  the  two  inclined 
members  ^C  and  Z^-ff  are  sensibly  of  equal  inclination,  the  horizontal  components  of  these  latter 
are  equal,  since  they  are  each  equal  to  the  stress  in  CD.  But  being  of  equal  inclination  to 
the  horizon,  their  vertical  components  of  stress  must  be  equal. 

2.  But  the  vertical  components  in  AC  3Lr\d  DB  are  equal  to  the  stresses  in  the  tie-rods 
CE  and  DF^  respectively,  and  therefore  the  stresses  in  these  rods  are  equal. 

3.  From  the  symoietry  of  the  trussing,  if  the  point  D  drops  a  certain  amount  the  point 
C  must  lift  by  the  same  amount,  and  hence  the  bottom  chord  is  deflected  upwards  at  E  as 
much  as  it  is  downwards  at  /%  and  therefore  the  forces  producing  these  deflections  are  equal. 
Biit  the  force  producing  the  upward  deflection  at  E  is  the  stress  in  the  tie-rod  ECy  while  the 
force  producing  downward  deflection  at  F\s  the  remaining  portion  of  M^  after  the  part  taken 
by  the  tie-rod  FD  is  subtracted.  That  is,  the  part  of  W^  coming  directly  upon  the  beam  is 
just  equal  to  the  stress  in  the  tie-rod  EC^  and  therefore  equal  to  that  in  FD 

Therefore  the  load  W  divides  itself  into  two  equal  parts,  one  half  being  carried  by  the 

truss  and  the  other  half  by  the  bottom  chord  acting  as  a  beam. 

W 
The  stress  in  the  tie-rods  CE  and  DF  is  therefore  — ;  and  this  is  the  vertical  component 

in  each  end-post.     Hence 


Compression  in. CZ))  ^^      '    __    ^^ 

Tension  in  AB 


Compression  in  AC  and  DB  =  —jjkI-  +  ^ (32I 

m 

Since  the  central  point  of  the  bottom  chord  is  a  point  of  inflection  in  the  bent  beam,  there 
is  no  bending  moment  at  this  point,  atvd  it  may  be  treated  as  a  free  supported  end.*    The 


W 
moment  at  F  is  then,  for  a  load  —  at  F, 

2  ' 


^' ""  18  "~     6    '     ^^    ^''^  ibh* ^^^^ 

The  direct  stress  in  AB  from  (31)  is 

W7  IV/ 

which  gives  the  maximum  tensile  stress  per  square  inch  in  the  bottom  chord. 

*Or  a  vertical  section  may  be  passed  through  this  point  of  inflection  and  that  point  taken  a  centre  of  moments, 

33  6        Wl 

whence  the  stress  in  CD  = — =  — —  =  also  tension  in  AB.     Also  the  shear  at  the  point  of  inflection  in  AB 

/j  0/2 


-  fK  =  — ,  whence  the  moment  at  Fund  £  =  — 
3  3  3 

riqd  f^bottt  (be  pftoel  wbcre  the  bracing  19  omluedt 


=  fF—  -  W^=  '-r>  whence  the  moment  at  /'and  £  =  —  .-=  -^.     Thi9  W^(ho4  \9  ?ippUcablc  to  any  truss  symmet^ 
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SECONDARY  STRESSES. 
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153*  Definition. — Secondary  stresses  are  those  bending  stresses  arising  from  such  causes 
as  the  following : 

1.  The  members  coming  together  at  a  joint  do  not  have  their  centre-of-gravity  lines 
meeting  in  a  point. 

2.  Members  are  not  loaded,  or  attached,  symmetrically  with  reference  to  the  centre-of- 
gravity  lines. 

3.  Members  are  not  free  to  rotate  at  the  joints  when  the  live  load  comes  on,  and  hence 
they  must  spring  or  deflect  as  the  structure  deflects. 

A  few  of  the  more  common  cases  will  be  investigated. 

154.  Gravity  Lines  not  Meeting  at  a  Point. — One  of  the  more  common  instances  of 
this  fault  can  be  found  in  shallow  lattice  girders,  like  the  New  York  Elevated  Railroads!     Here 
the  single  intersection  Warren  girder  riveted  trusses  have  joints  as  shown  in  Fig.  211.     The 
gravity  lines  of  the  web  members  intersect  in  C,  while  the 
intersections  with  the  upper  chord  are  in  A  and  B.     This 

gives  rise  to  a  bending  moment  at  this  joint  equal  to  the  f.  ^^g^'tt^  '^\'^..  1  / 

pull  in  BD  into  the  arm  A  (7,  moments  being  taken  about  A.  \0  O  O  /^/^Q^  Q  Q  Q/  _  _  J- 
Let  the  chord  be  made  up  of  two  3  in.  X  4  in.  angles,  25 
lbs.  per  yard,  and  one  plate  12  in.  X  Jin.  Let  the  diagonals 
be  composed  of  two  3  in.  X  4  in.  25  lb.  angles  each,  all 
riveting  coming  upon  the  4-in.  leg.  If  we  assume  a  unit 
stress  of  7500  lbs.  in  these  web  members,  or  a  total  stress 

of  37,500  lbs.,  and  if  the  inner  (4  in.)  legs  of  the  angles  ^'^'  ^^'' 

meet  on  the  web  of  the  chord  as  shown  in  the  sketch,  then  the  leverage  ^C  would  be  5 J  in. 
The  bending  moment  at  this  joint  would  then  be  ^\  X  37,500  =  206,000  inch-pounds. 

If  the  truss  be  assumed  5  feet  high  and  the  web  members  at  45°,  then  these  members 
are  7  feet  long  and  the  panel  lengths  are  5  feet  long.  Adjacent  joints  in  one  chord  are  sub- 
jected to  moments  of  like  sign,  and  all  members,  both  web  and  chord,* are  bent  in  opposite 
directions  at  their  opposite  ends,  and  by  the  same  amounts  approximately.  This  puts  them 
all  in  double  curvature,  and  makes  a  point  of  contrary  flexure  occur  at  their  centres.  All 
members  meeting  at  a  joint,  therefore,  resist  this  bending  action  of  the  members  from  eccen- 
tric position,  in  proportion  to  their  relative  rigidities.  The  angular  movement  of  the  joint 
would  be  the  same  for  all  the  members  meeting  there  and  would  be  resisted  by  all,  acting  as 
beams  fixed  at  one  end  (the  joint)  and  free  at  the  other  (the  middle  section  of  the  member 
where  the  moment  is  zero,  it  being  a  point  of  contrary  flexure).  The  angular  change  at  the 
joint  would  then  be  the  deflection  of  the  points  of  inflection  (middle  points),  divided  by  the 
half  lengths  of  the   members.      Whence  if  /  =  this  half  length,  we  have  for  the  angle 

Pl^  pr      Ml 

through  which  the  joint  has  turned,  a  =  —^rj  -^  /  =  —^  =  —Fjf  where  M^  is  the  moment  at 

the  joint  carried  by  one  member.    Whence  we  find 


(35) 

Since  E  and  a  are  the  same  for  all  the  members,  we  see  that  the  several  members  meet- 
ing at  a  rigid  joint  will  share  the  total  bending  moment  developed  at  that  joint  directly  as 

their  moments  of  inertia  and  inversely  as  their  lengths,  or  as-r .  To  divide  this  moment  prop- 
erly among  the  members  meeting  at  the  joint  and  rigidly  attached,  we  have  only  to  take  out 
J  for  each  of  these  members  and  divide  the  total  moment  amongst  thern  in  proportion  ^o 
these  values* 
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In  the  example  taken  we  have  for  the  moment  of  inertia  of  the  chord  137A  the  length 
of  a  chord  member  being  5  feet.  The  moment  of  inertia  of  one  web  member  (two  angles)i  in 
the  plane  of  the  longer  leg,  is  8.0  and  its  length  is  7  feet. 

We  have  then 

For  each  chord  member  j  =  27.5 ; 

a       «    ^eb         **       j-=    I.I. 

There  being  two  members  of  each  kind  meeting  at  this  joint,  the  total  sum  is  57.2.  Therefore 
each  chord  section  takes  f  ^|  =  48  per  cent,  and  each  web  member  takes  -^  =  2  per  cent  of 
the  moment  coming  at  the  joint. 

This  result  shows  at  once  that  we  might  have  assumed  at  the  start  that  the  moment 
was  wholly  resisted  by  the  chord  section  without  appreciable  error. 

The  total  moment  at  the  joint  has  been  found  to  be  206,000  inch-pounds.  Forty-eight 
per  cent  of  this  is  98,880  inch-pounds.  This  is  the  bending  moment  resisted  by  the  chord 
section.  The  stress  on  the  extreme  lower  fibre  of  the  web  of  this  member,  which  lies  8.l6 
inches  from  the  neutral  axis,  is 

in  the  extreme  bottom  fibres  of  the  top  chord,  being  tension  on  one  side  of  the  joint  and 
compression  on  the  other. 

Since  the  chord  stress  for  which  this  member  was  designed  was  probably  about  7500  lbs. 
per  square  inch,  we  see  ths^t  the  secondary  stress  with  this  apparently  favorable  arrangement 
of  the  web  connection  gives  rise  to  secondary  stresses  78  per  cent  as  large  as  the  primary 
stresses  which  were  alone  taken  into  account  in  the  computation.  In  other  words,  the  actual 
maximum  fibre  stress  is  nearly  twice  as  great  as  that  for  which  the  structure  was  designed. 
Since  it  is  not  uncommon  to  find  riveted  structures  with  joints  much  more  eccentric  than  the 
one  here  computed,  the  importance  of  avoiding  such  eccentric  combinations  is  patent. 

In  the  computation  of  secondary  stresses  arising  from  the  non-concurrence  of  the  gravity 
lines  of  the  assembled  members  no  great  error  will  be  made  if  it  be  assumed  that  the  heavier 
and  more  rigid  members  take  all  the  moment. 

^  In  computing  this  moment  take  a  centre  of  moments  at  the  intersection  of  all  the  forces 
but  one  (if  possible),  and  then  the  moment  developed  is  the  remaining  force  into  its  arm.  If 
a  centre  of  moments  cannot  be  chosen  so  as  to  leave  out  but  one  force,  then  the  products  of 
all  the  remaining  forces  into  their  several  arms  are  found  and  the  algebraic  sum  taken.     This 

moment  is  then  divided  amongst  the  members  in  proportion  to  the  quantity  j  for  the  several 

members.  If  some  of  the  members  are  free  to  turn  at  the  other  ends,  then  their  full  lengths 
are  to  be  taken,  while  for  those  members  which  are  rigid  at  both  ends  one  half  their  lengths 
are  used  for  /.  If  all  members  are  alike  in  this  particular,  either  all  free  or  all  rigid  at  their 
opposite  ends,  then  their  full  lengths  can  be  used,  as  the  reactions  will  be  the  same  whether  the 
full  lengths  or  the  half  lengths  be  taken.  The  moments  of  inertia  must  be  computed  for  the 
sections  at  or  near  the  joints. 

155.  Members  not  Loaded  Symmetrically  with  reference  to  their  Centre  of 
Gravity  Lines. — This  is  ia  simple  case  and  one  not  requiring  any  extended  discussion.  The 
bending  moment  is  in  all  cases  equal  to  the  total  load  (pull  or  thrust)  on  the  member  into  its 
arm,  which  is  the  perpendicular  distance  between  the  centres  of  gravity  of  the  applied  load  and 
of  the  cross-section  of  the  member.  The  bending  will  be  in  the  plane  of  this  lever  arm,  and  the 
stress  resulting  from  this  eccentric  loading  is  given  by  the  general  equation  (4),  the  negative 
sign  in  the  denominator  to  be  used  when  the  member  is  in  compression  and  the  positive  stgn 

when  in  tension. 


COMBINED  DIRECT  AND  BENDING  STRESSES. 


^'SS 


A  very  common  case  of  an  eccentrically  loaded  member  Is  that  of  a  single  angle  connected  by 
one  leg.  Specifications  usually  require  that  in  such  cases  only  one  leg  shall  be  considered  effective 
if  it  is  a  tension  member,  but  make  no  such  allowance  if  it  is  a  compression  member.  Results 
of  tests  indicate  that  the  strength  of  such  an  angle  is  considerably  greater  than  the  equivalent  of 
one  leg.* 

In  the  case  of  tension  members  the  actual  stresses  can  be  calculated  by  the  method  explained 
in  Art.  131^,  the  moment  being  equal  to  the  direct  stress  multiplied  by  the  distance  of  its  line  of 
application  from  the  centre  of  gravity  of  the  angle.  For  compression  members  the  element  of 
deflection  woi^Jd  also  have  to  be  considered  as  explained  in  Arts.  147-150. 

For  two  angles  fastened  together  at  frequent  inter\'als  the  secondarj'  stresses  arc  small,  as 
the  eccentricity  is  now  the  distance  from  the  centre  of  the  connected  legs  to  the  centre  of  gravity 
of  the  combination.  The  section  being  a  symmetrical  one,  the  resulting  stresses  are  found  by 
eq.  (4). 

156.  Stresses  on  Rivets  in  Eccentric  Joints. — Fig.  212  represents  a  common  example 
of  eccentric  connection.    Required  the  stress  on  each  rivet. 

First  find  the  centre  of  gravity,  C,  of  the  group  of  rivets.  Let  e=« 
eccentricity  of  applied  force  P,  and  »= number  of  rivets.  The  stress  on 
the  rivets  may  be  divided  into  two  parts,  a  direct  central  pull  P  and  a 
turning  moment  Pe.    The  former  may  be  supposed  to  stress  each  rivet  in 


the  direction  of  P  by  an  amount  equal  to  r'=  — .    The  latter  tends  to 


n 


Fig.  212. 


turn  the  plate  about  the  point  C,  stressing  each  rivet  in  a  direction  perpen- 
dicular to  a  radial  line  from  C  and  by  an  amount  in  proportion  to  its 

distance  from  C.     Let  x  be  this  distance,  and  let  %  be  the  stress  on  a^  rivet  a  unit's  distance  from 
C;  then  the  stress  on  any  unit=/'  =  f^.r.     The  moment  of  this  stress  about  C 
we  have  the  equation  of  moments    '^ 

•        Pe^2y^^^r^2^x\ 
whence 


rj)c^^  whence 


T,' 


-Pe 

r  =^- — 


and       r''^ 


Pe 

Vv.2 


^    t1 


/\Xm    » 


(36) 


From  this  "equation  the  value  of  r"  can  be  found  and  then  the  total  stress  r  is  the  resultant 
of  /  and  r". 

In  case  the  pull  P  is  exerted  by  a  member  rigidly  attached  to  the  joint- plate,  then  the  moment 
Pe  will  be  the  bending  moment  at  the  end  of  this  member  as  estimated  by  the  method  of  Art.  1 54. 

In  a  joint  containing  a  large  number  of  rivets  the  analysis  here  given  cannot  be  expected  Vj 
give  results  agreeing  very  closely  with  the  actual  facts,  but  the  error  is  probably  not  greater  than 
is  the  case  with  the  usual  assumption  of  equally  stressed  rivets  for  centrally  loaded  joints. 

Example  7.— Find  the  shearing  stress  on  each  rivet  in  the  attachment  shown  in  Fig.  2J2a,  P  =  15000 

P 

lbs.,  0  =  45-.     There  will  be  a  stress  in  the  direction  of  P  equal  to  r'  =  —  =s  3750 

4 

lbs.    The  distance  of  each  rivet  from  the  centre  of  gravity  =  3.5  inches,  hence 

2x*  of  eq.  (36)  =  4  x  12.5  =  50.     Then  the  stress  on  each  rivet  due  to  the  moment 

1 5000  X  4 


=  r"  = 


50 


X  3.5  =  4200  lbs.    The  resultant  stress  on  each  rivet  is  then: 


On  rivet  i  =  3750+4200  =  7950  lbs.;  on  rivets  2  and  4  =1^(37 50)"  +  (4200)'  =s  5700 

lbs.;  on  rivet  3  =  3750-4200  =  —450  lbs. 

Fig  2120  '^^^  minus  sign  given  to  the  shearing  stress  in  rivet  3  indicates  that  the  shear 

on  this  rivet  is   opposite  in   direction  to  the  force  P.     The  shearing  stress  on 
rivet  I  is  thus  shown  to  be  more  than  twice  as  much  as  it  was  designed  to  carry,  aid  ii  i^  li.'t  1»  \(>  work  loose 

•See  papers  by  J.  E.  Greiner  \n  Tr^ns.  Am.  Soc.  C.  E.,  vol.  38,  p.  63,  and  C.  F.  Loweth  in  Jour.  Atsn.  Eng.  Soc, 
Yol,  8,  p.  a68. 
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158.  Secondary  Stresses  due  to  Rigidity  of  Joints. — Whenever  a  framed  structure 
deflects  under  a  load  all  the  angles  of  intersection  at  all  the  joints  would  be  changed  by  very 
small  amounts  if  the  members  were  free  to  turn  at  the  joints.  To  be  perfectly  free  to  turn 
these  members  would  have  to  be  hung  on  knife-edges.  Pin-connected  bridges  have  generally 
been  supposed  free  to  turn  at  the  joints,  but  this  is  not  the  case.  There  may  be  a  slight 
rocking  of  the  member  about  the  pin  from  the  looseness  of  the  pin  in  the  hole,  but  the 
maximum  play  allowed  now  in  good  work  is  so  small  as  to  be  practically  zero.  For  pin-con- 
nected structures,  however,  the  members  are  comparatively  narrow,  so  that  y^  in  formula  (4) 
is  small.  For  the  ordinary  proportions  also  of  height  and  panel  length  to  span  the  angular 
change  is  so  small  that  this  source  of  secondary  stresses  may  be  neglected.  In  riveted  work, 
where  wide  plates  are  used,  they  may  be  much  larger.  Such  stresses  need  never  be  computed 
for  pin-connected  bridges. 


SUSPENSION-BRIDGES. 


CHAPTER   XI. 
SUSPENSION-BRIDGES. 


159.  Introduction. — Suspension-bridges  of  a  crude  form  have  been  in  use  from  the 
earliest  times.  The  first  long-span  iron  bridges  were  also  of  this  type,  the  suspension-cables 
being  composed  of  chains,  iron  bar  links,  flat  bars  with  pin  connections,  and  finally  of  iron 
and  steel  wire.  Sir  Thomas  Telford  and  Sir  Samuel  Brown  greatly  developed  and  improved 
the  designs  of  suspension-bridges  in  England  from  1814  to  1830,  while  Mr.  J.  A.  RoebUng 
adapted  this  style  of  structure  to  both  highway  and  railway  service  in  his  famous  bridge  over 
the  Niagara  River  in  1852-5.  Telford's  and  Brown's  bridges  were  built  without  the  use  of 
stays,  as  shown  in  Fig.  213.     This  ts  a  span  of  432  feet,  built  by  Mr.  Brown  in  1829,  the  cable 


being  composed  of  flat  wrought-iron  bars.     Fig.  214  is  a  view  of  one  half  of  the  Niagara  bridge 
as  it  was  originally  constructed,  the  span  being  821  feet.     Diagonal  stay-cables  are  introduced. 


Fig.  314. 

and  the  trusses  are  exceptionally  strong,  having  a  height  of  18  feet  out  to  out.     The  sag  of 
one  cable  is  54  feet,  and  of  the  other  64  feet ;  each  is  composed  of  3640  No.  9  iron  wires.* 

When  the  suspension-cables  are  made  of  a  high-grade  steel  wire  having  an  average  ulti- 
mate strength  of  some  160,000  lbs.  per  square  inch,  and  which  may  be  dimensioned  for  a  maxi- 
mum working  load  of  40,000  lbs.  per  square  inch,  there  is  great  economy  in  this  style  of  con- 
struction. When  the  material  is  disposed  in  small  wires,  however,  presenting  a  very  lai^e  ratio 
of  surface  to  sectional  area,  it  must  be  protected  more  perfectly  from  corrosion  than  is 
necessary  when  the  material  is  disposed  in  larger  members.  When  so  protected,  a  long  span 
can  be  built  on  this  principle,  for  highway  traflic,  for  a  much  less  sum  than  would  be  required 
for  any  form  of  truss-bridge  to  carry  the  same  loads.  To  stiffen  a  suspension-bridge  suf- 
ficiently to  carry  train  loads  adds  so  greatly  to  the  cost  as  to  make  it  inadvisable  to- employ 

■  This  bridge  has  now  been  rcconslrucieil  by  Mr.  L.  L.  Ruck,  M.  Am.  Soc.  C.E.,  by  replacing  the  Stone  towers  by 
fleel  Goosiruction,  ihe  wooden  stiRening  truss  by  one  o(  steei,  and  omitting  Ibe  stays  allo^ther, 
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It  for  railway  purposes  except  for  the  very  longest  spans,  as  in  the  case  of  the  proposed 
bridge  over  the  Hudson  River  at  New  York  City.  Here  the  span  is  2850  feet,  and  provision 
is  to  be  made  for  carrying  six  tracks,  with  a  possible  increase  to  ten  tracks  if  required.  For 
highway  purposes  suspension-bridges  can  be  judiciously  used  for  spans  exceeding  300  or  400 
feet.  If  the  locality  is  adapted  to  the  use  of  metallic  arches,  these  could  well  be  employed 
for  spans  of  from  300  to  500  feet.  For  all  spans  of  greater  length  than  500  feet  for  highway 
purposes  the  suspension  type  of  bridge  should  perhaps  always  be  employed. 

THEORY  OF  SUSPENSION-BRIDGES. 

160.  Stress  in  Cable  for  Uniform  Load  over  the  Entire  Span. — For  this  loading  the 
curve  of  equilibrium  is  a  parabola  as  shown  in  Art.  49.     It  may  be  proved  directly  as  follows: 


Fig.  215. 

Let  Fig.  215  (d:)  represent  a  suspension-bridge  uniformly  loaded  with  a  dead  load  w  and  a 
live  load  /  per  foot.  Let  /  =  span,  and  v  =  sag,  or  versed  sine  of  curve.  In  Fig.  (d)  let  the 
left  half  of  the  bridge  be  removed  and  replaced  by  the  force  H,  this  being  the  stress  in  one 
cable  at  bottom  where  it  is  horizontal.  Let  O  be  taken  as  the  origin  of  co-ordinates.  Take 
moments  about  any  point  in  the  cable  as  P,  whose  ordinates  are  PD  =^,  and  OD  =  x.  Then 
we  have,  for  the  external  forces  acting  on  the  left  of  the  section  through  P,  since  the  moment 
here  is  zero, 


«.=(^^% 


or    X*  =. 


4ff 
w+p- 


(0 


which  is  the  equation  of  a  parabola  referred  to  its  vertex. 

To  find  H  take  moments  about  A^  the  top  of  the  tower,  and  we  obtain 


H.  =  {^±i)'i,  o,    .=  (^)^. 


(2) 


Using  this  value  of  H  in  eq.  (i)  we  have,  as  the  equation  of  the  curve  of  equilibrium  for 
a  load  uniformly  distributed  along  the  horizontal,  referred  to  its  lowest  point, 


;r'  = 


4V' 


a 


•) 
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In  such  a  curve  of  equilibrium  the  stress  is  simple  tension,  and  tAf  hortzoHtat  component  of 
this  stress  is  constant.     This  must  be  so  since  the  external  forces  acting  on  the  cable  are  all 

vertical,  having  no  horizontal  components.     Hence 


The  tension  in  cable 


=  ffsect  =  H^  =  H -^ , 


The  tension  in  cable  at  towers  =  H  sec  i 


-(■^nV'+(i)" 


(4) 


(S) 


4    /    y       ■    \4» 

Vhere  /  =  angle  of  cable  with  the  horizontal 

161.  Stiffening  Truss  for  Partial  Loads. — When  the  cable  is  not  loaded  uniformly 
over  its  entire  span  it  will  swing  into  a  new  curve  of  equilibrium  for  that  load,  if  this  action 
is  not  resisted  in  some  way.  It  is  resisted  by  a  truss  either  along  the  roadway  or  attached 
to  the  cable  itself,  or  both.    The  object  of  the  truss  is  only  to  distribute  the  load  uniformly 
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Fig.  216. 

over  the  cable,  and  not  to  assist  in  carrying  it  to  the  abutments.  The  truss  should  be  made  to 
deflect  so  little  that,  as  compared  with  the  free  movements  of  the  cable,  it  will  be  relatively 
rigid  ;  that  is  to  say,  its  deflection,  up  or  down,  at  any  point  under  a  concentrated  load  will  be 
very  small  as  compared  to  the  deflection  of  the  cable  at  that  point  under  this  loading,  if  the 
truss  were  not  used.  Whenever  the  truss  is  reasonably  efficient  in  preventing  unequal  dis- 
tortions this  condition  of  relative  local  rigidity  holds  true,  and  hence  the  conclusions  based 
on  this  assumption  are  correspondingly  correct. 

In  the  following  discussion  the  load  is  supposed  to  rest  primarily  upon  the  truss,  as  shown 
in  Fig.  216,  and  the  truss  is  supposed  to  distribute  this  load  evenly  or  uniformly  upon  the 
cable.  Whatever  the  contingencies  of  loading,  therefore,  the  stress  in  the  hangers  is  assumed 
to  be  constant  from  end  to  end  of  the  span, 

A  further  assumption  is  that  the  cable  stretches  very  little  for  any  given  unsymmetrical, 
load,  so  that  when  this  load  is  uniformly  distributed  over  it  by  the  truss,  its  vertical  deflection 
at  the  centre  is  insignificant  as  compared  to  the  vertical  deflection  of  the  truss  acting  alone 
under  this  same  total  load.  The  former  assumption  referred  to  a  deflection  of  the  cable  at  a 
given  point,  under  a  concentrated  load  there,  due  to  deformation,  or  change  of  shape,  if  acting 
alone,  while  this  assumption  has  to  do  only  with  the  symmetrical  deflection  of  the  cable  due 
to  its  elongation.  The  deflection  of  the  truss  is  very  small  as  compared  to  the  former,  and 
very  large  as  compared  to  the  latter. 

If,  therefore,  the  cable  does  not  appreciably  increase  its  sag,  for  the  assumed  distribution 
of  the  concentrated  loads,  then  the  cable  may  be  assumed  to  carry  all  this  live  load,  while  the 
truss  merely  serves  to  distribute  it.     But  the  condition  of  equilibrium  of  the  external  forces 
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Fig.  217. 

acting  upon  the  truss  requires  that  the  sum  of  their  vertical  components  and  of  their  moments 
shall  be  zero. 
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*fhe  forces  acting  on  each  truss  are : 

1st.  A  uniform  downward  load  of  —  lbs.  per  foot  over  the  distance  x  from  the  right 

support. 

2d.  A  uniform  upward  pull  of  ^  lbs.  per  foot  from  each  cable,  over  the  entire  span. 
3d.  The  two  end  reactions,  R^  and  7?, ,  for  equilibrium.     We  have  assumed  that 

f  *«*  ^  ^*f- <«) 

This  satisfies  the  condition  of  equality  of  vertical  components  of  external  forces  without 

px      X 
reference  to  the  end  reactions.     But  the  centre  of  gravity  of  the  downward  forces  ^-—  is  —  from 

B^  Fig.  217,  while  that  of  the  pull  of  the  hangers  is  at  the  centre  of  the  span.     These  being  equal 
„d  oppo^Ue  „o„-co„c„„.„.  ro^e.  .hey  ,o™  a  coupU  wi,»e  a™  is  '-^.  U.e  .o„.„.  b.,„g 

This  couple  can  only  be  balanced  by  another  couple  composed   of  the  end 


it-i-1- 


reactions  having  the  arm  / ;  hence  these  reactions  are  equal  and  opposite ^  and  equal  to 

or 

-;e,  =  +ie.  =  ^/-*> ^ 

We  now  have  all  the  external  forces  which  act  upon  the  truss  and  are  prepared  to  find 
the  maximum  moments  and  shears  coming  upon  it,  for  the  uniformly  distributed  moving  load 
fi  per  running  foot.  Since  the  end  reactions  are  both  positive  and  negative  for  different 
loadings,  the  truss  must  rest  upon  the  piers  and  be  anchored  to  them  sufficiently  to  resist  the 
maximum  negative  end  shear  or  reaction.  We  will  first  find  what  position  of  load  gives 
maximum  shears  and  moments,  and  then  find  values  for  these  maxima. 

Let  the  load  extend  from  the  right  support  to  a  distance  x  towards  the  left,  as  shown  in 
Figs.  2t6  and  217. 

Let  s  be  the  distance  from  the  right  support  to  any  section,  so  that  s  may  be  greater  or 
less  than  x,  and  may  vary  from  o  to  /.     The  distances  x  and  £  are  always  measured  from  B. 

162.  Discussion  for  Maximum  Shear.— The  general  equations  for  shear  (positive  shear 
being  that  which  acts  upwards  on  the  left)  are,  for  one  truss, 


w 


Substituting  ^  for  q  and  ^.  ^— — j  for  R, ,  we  have 


&>-  =  0(*  +  /-a«). ._.   (tu* 
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If  we  take  first  a  given  load,  ~ ,  and  let  it  remain  stationary  while  our  section,  z,  varies 

from  o  to  /,  using  eq.  (9)  from  o  to  x,  and  eq.  (10)  from  x  to  /,  we  see  by  inspection  that  the 
shear  is  a  minimum  (neg.  max.)  for  ^  =  o  and  for  ^  =  /,  and  a  positive  maximum  for  a=:x. 
Thus  tor  s  =  0  and  ^  =  /  we  have,  from  eq.  (9)  and  (10)  respectively, 

*-=  0(^-0=^-/ (II) 

for  negative  shear, 

and  for  ^  =  jT  we  have  5,«  =  ^Al  —  x) ...••.    (12) 

for  positive  shear.  From  these  equations  we  see  that  the  shear  at  the  head  of  the  load  is 
always  numerically  equal  tOy  but  of  opposite  sign  from,  the  shears  at  the  ends  of  the  span,  and 
that  these  are  the  maximum  shears  on  the  truss  for  a  continuous  load  from  one  support. 

If  we  let  the  load  move  across  the  span,  making  x  vary  from  o  to  /,  we  can  find  from 
eqs.  (11)  and  (12)  the  positions  of  load  giving  maximum  positive  and  negative  shear. 

Thus,  from  either  eq.  (i  i)  or  eq.  (12),  we  have 

dS  I 

^  =  0  =  2^-^   or    x=.forshearamaximum, 

or  the  greatest  shears  all  occur  when  the  bridge  is  half  loaded. 

Substituting  this  value  of  x  in  either  of  the  eqs.  (ii)  or  (12),  we  find  the  Maximum  Posi- 
tive and  Negative  Shears  in  one  truss  at  both  the  ends  and  the  centre  to  be  -^^l\  or,  in  general, 

Maximum  Shears  =^  ^^l. (13) 

To  obtain  the  maximum  positive  shear  at  any  point  distant  z  from  the  right  support,  we 
must  study  the  three  conditions  indicated  by  equations  (9),  (10),  and  (12).  Thus  for  the 
maximum  shear  at  the  head  of  the  load,  putting  z=:  kl  to  adapt  our  results  to  all  spans, 
we  have 

4.^  =  ^(4^-4^ (A) 

pi 
=3  ^F  for  graphical  representation  in  Fig.  217a*, 

This  locus  is  the  parabola  A  CB^  while  for  a  load  from  the  left  the  shear  would  be  negative 
and  given  by  the  curve  ACB. 

To  find  the  maximum  negative  shear  for  the  right  half  of  the  span,  when  the  load  comes 
on  from  the  right,  we  have  ^  <  ;r  as  given  in  eq.  (9).  To  find  the  position  of  this  load  which 
will  give  a  maximum  shear  of  this  kind,  at  any  point  z  under  the  load,  we  must  solve  (9)  for 
S  a  maximum  for  x  variable,  and  obtain 

dS,^x  ^         /      ^  /+2jar 

— -J —  =  o  =  2;r  —  /  —  2j8r,       or      4r  = . 

dx  '  2 


*  The  diagrams  in  this  figure  are  due  to  Prof.  M.  A.  Howe. 
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Substituting  this  value  of  x  in  (9)  and  putting  ^  =  i;^  we  find 

Max.  5.<^  =  ^(4ife  -  4i^  -  I) 


(B) 


=^^i^—  i)  for  graphical  representation. 


This  is  the  curve  EF*  in  the  figure.     Evidently  for  a  load  from  the  left  we  would  have 
had  similarly  the  positive  shear  curve  DE. 


Fig.  2170. 

To  find  the  maximum  negative  shear  on  the  left  half  of  the  span  we  would  have  to  take 
^  >  jr,  or  take  our  section  in  front  of  the  load  coming  on  from  the  right.  This  is  given  in 
equation  (10).     Treating  this  as  before,  we  find 


dS,> 


2j8r  — / 


which  substituted  in  (10),  and  putting  s  =  kl^  gives 


M 


ax.  5,>x  =  "^(4^  —  4^'  —  i), 


(C) 


which  is  the  same  as  (B).     Therefore  this  locus  UE  is  symmetrical  with  F^E^  and  for  a  load 
coming  on  from  the  left  we  have  FE  symmetrical  with  DE* 
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163.  Discussion  for  Maximum  Moments. — Referring  again  to  Fig.  217,  we  may  write, 
lor  the  moments  in  one  truss  at  any  section  js, 

^•<x—  —  /C^^/  —  Z)  '\ ^ ^  ......,,      (14) 

and 

M,^^=-Ril-i)^.^^^^. , OS) 

Substituting  the  values  of  R^  and  q^  we  obtain 

M,>^  =  ^{l-z\x^z). (17) 

By  inspection  we  see  that  when  ^  =  ;r,  or  when  the  section  is  taken  at  the  head  of  the 
load,  the  moment  is  zero  by  both  equations.  Also,  that  when  z  <x  the  moment  is  positive, 
and  when  z>  x  the  moment  is  negative.  Therefore,  the  head  of  the  load  is  always  a  point  of 
contrary  flexure.  And  since  we  have  already  learned  that  the  shear  here  is  always  equal  and 
opposite  to  that  at  the  two  ends,  we  see  that  both  the  loaded  and  the  unloaded  portion  of  the 
span  can  be  treated  as  a  simple  truss  uniformly  loaded.  This  leads  us  to  conclude  that  the 
maximum  moments  occur  at  the  middle  parts  of  the  loaded  and  of  the  unloaded  portions^  the 
former  being  positive  and  the  latter  negative  moments.  This  same  conclusion  could  have 
been  reached  by  a  discussion  of  eqs.  (lO)  and  (17),  as  was  done  in  the  case  of  shear  with  eqs. 
(9)  and  (10). 

These  maximum  moments  are 


M     , 


a 


=f(.-?)--.'. (.») 


^,^/+i=-^/'-^)' (19) 

a 

To  find  for  what  position  of  load  the  downward  bending  moment  under  the  load  is  a 
maximum,  put  the  first  differential  coefficient  of  eq.  (18)  equal  to  zero,  and  find 

dM              px      ipx^        u                     «/  /    V 

^=0=   8"~l67'    ^^^""    ^  =  *'- (^^) 

Doing  the  same  for  eq.  (19)  to  find  position  of  load  for  maximum  upward  bending  • 
ahead  of  the  load,  we  have 

dM 

-^  =  o  = /*  —  4jr/-}- 3jr*,     whence    x-=-\L (21) 

Therefore,  the  maximum  downward  moment  occurs  at  the  middle  of  the  load  when  it  extends 
over  two  thirds  of  the  span,  and  the  maximuvi  upward  moment  occurs  at  the  middle  of  the  un- 
loaded  portion  when  the  load  extends  over  one-third  the  span. 

Inserting  these  values  of  x  in  eqs.  (18)  and  (19),  we  find 

//• 
Maximum  downward  moment  tn  one  truss  =  — To-J (22) 


•< 


upward  "  "  "     =^ (23) 


For  a  load  /  per  foot,  on  two  simple  trusses  of  length  /,  the  bending  moment  at  the  centre 

pr 

of  each  would  be'^. 
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In  other  words,  tk^  maximum  upward  and  downward  moments  an  equal,  occur  at  the  one- 
third  and  two^hirds  points,  and  are  about  one-seventh  the  maximum  moment  due  to  the  same  unit 
load  acting  over  the  same  span  when  unsupported  by  the  cable. 

The  maximum  shears  were  found  to  be  ^J^/,  or  just  one-fourth  what  they  would  be  on 
simple  trusses  of  the  same  length. 

To  obtain  the  maximum  positive  (downward)  moment  at  any  section  under  the  load 
distant  z  from  the  right  support,  find  from  eq.  (i6) 

dM^^jc  .   s      2x  ,//  I     X 

-^^=0=i  +  -j--y-,      or      x^kfj-^z). 

Substituting  this  in  (i6),  we  have 

Max,  M,^^  =  ^{l -  zy  =  7^>Ki  -  *)"      (where  z==il) 

=  ^z^  for  graphical  representation  in  Fig.  217a.     This  locus  is 

the  curve  BKH  for  the  load  coming  from  the  right.     For  a  load  from  the  left  and  for  z  >  x 
we  would  have  similarly  the  curve  AGH. 

For  the  maximum  negative  (upward)  bending  moment  on  the  unloaded  portion  we  have 

from  eq.  (17) 

— :; —  =  o  =  2lx  —  2XZ  ^  Iz  +JB^,    or    jr  =  — . 
dx  '      '  2 

Substituting  this  in  (17),  we  have 

Max.  ^,>,  =  -  -j^(/-  z)=^  ^k\i  -  k) 

pP      ^ 
=  -g-/^for  graphical  representation  in  Fig.  217A     This  locus 

is  the  curve  AG'H'  for  a  load  from  the  right  and  BK'H'  for  a  load  from  the  left  and  for  z  <x. 

Since  all  parts  of  the  stiffening  truss  in  a  suspension-bridge  are  subjected  to  both  positive 

and  negative  moments  and  shears,  in  all  parts  of  its  length,  the  maximum  shear  occurring  at 

•  both  ends  and  at  the  centre,  and  the  maximum  moments  at  the  one-third  points,  it  is  common 

to  dimension  all  parts  to  carry  these  stresses,  thus  making  uniform  sizes  throughout  the  entire 

truss. 

It  should  also  be  noted  that  in  this  case  the  shear  in  the  truss  from  live  load  is  not 
affected  by  the  amount  of  the  dead  load,  this  latter  being  suspended  wholly  from  the  cable. 

If  the  span  is  very  long,  the  actual  maximum  moments  and  shears  may  be  taken  out  for 
all  sections  by  the  use  of  eqs.  (11),  (12),  (18),  and  (19),  and  the  members  proportioned 
accordingly. 

If  the  stiffening  trusses  be  proportioned  to  carry  safely  the  moments  and  shears  here  found, 
there  will  be  no  necessity  for  the  use  of  stay-cables.  In  most  cases  in  practice,  however,  the 
trusses  are  not  as  strong  as  here  assumed  and  the  use  of  stay-cables  becomes  necessary. 

164.  The  Action  of  Stay-cables. — It  is  common  to  use  stay-cables  reaching  from  the 

.  tops  of  the  towers  to  the  bottom  of  the  stiffening  truss  out  to  about  one-fourth  the  span  from 

the  towers.     At  this  point  the  stays  become  tangent  to  the  main  cables  at  the  towers.     The 

stays  are  superfluous  members,  and  when  introduced  the  distribution  of  the  load  must  be  deter- 
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mined  by  the  principle  that  it  divides  itself  amongst  the  systems  in  direct  proportion  to  thei? 
relative  rigidity  or  inversely  as  their  deflections. 

We  will  now  find  the  deflection  of  any  point  of  attachment  of  a  stay,  as  B,  Fig.  218, 
resulting  from  assumed  changes  in  unit  stress  in  the  several  members  of  the  systems.  A  load 
placed  at  B  may  pass  up  the  hanger  to  the  cable  and  thence  to  the  tower,  or  it  may  pass 


Fig.  ai8. 


up  the  stay  to  the  tower,  causing  tensile  stress  in  both  the  stay  and  the  bottom  chord 
of  the  truss  to  the  right  of  B.  Since  the  greatest  proportion  of  the  load  at  B  will  come  upon 
the  stay  when  the  cable  deflects  the  most  at  this  point,  which  will  be  when  the  bridge  is 
fully  loaded,  we  will  assume  this  condition  in  the  following  discussion  : 

The  problem  is,  therefore,  to  find  the  deflection  of  B  in  terms  of  the  increase  in  the  unit 
stress  in  hanger  and  cable  {df^  and  df^  for  a  full  live  load  over  the  whole  span,  and  then  the 
deflection  of  B  in  terms  of  the  increase  in  unit  stress  in  stay  and  bottom  chord  of  truss 
{df  and  df^  for  the  same  full  load.  Then,  by  placing  these  equal  to  each  other,  since  the  two 
systems  are  rigidly  attached,  decide  how  the  load  at  B  divides  itself  between  the  two  systems. 
It  will  remain  then  to  compute  a  table  of  numerical  coefficients  for  different  positions  of  B 
on  the  outer  quarters  of  the  span.     The  following  notation  will  be  employed : 

Let      /  =  length  of  span ; 

V  =  sag  at  centre  =  the  vertical  projection  of  the  stays ; 
{xy)  =  co6rdinates  of  the  parabolic  curve  referred  to  0\ 
4  =  length  of  cable  between  fcowers; 
/,  =  length  of  stay  ; 
4  =  length  of  hanger ; 

/<  =  length  of  bottom  chord  of  truss  between  symmetrical  hangers ; 
dy  =  deflection  of  cable  at  B ; 
dv  =  deflection  of  cable  at  centre ; 
dh  =  stretch  of  hanger  ; 

dv,  =  vertical  deflection  at  B  from  stretch  of  stay ; 
dVi  =  vertical  deflection  at  B  from  stretch  of  lower  chord  of  truss ; 
d/f,  d/j^f  d/g,  d/t  =  ch2inges   of   unit   stress   in   cable,   hanger,   stay,   and   truss-chord, 

respectively,  due  to  live  load  ; 
£  -=  the  common  modulus  of  elasticity  of  cable,  hanger,  and  stay; 
£t  =  modulus  of  elasticity  of  truss  chord. 
165.  Deflection  of  the  Cable  System  for  Full  Loads. — The  length  of  the  cable,  in 
terms  c^f  /  .nul  ?',  expressed  by  a  series  and  the  first  two  terms  used,  as  may  be  done  when  v  is 
small  as  con^idrcil  witli  /,  is 


ii=/+ 


3/* 


(24) 


llie  equation  of  the  curve  referred  to  o,  as  an  origin,  is 


(25) 
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To  find  the  relation  between  small  changes  of  length  of  cable  and  of  sag  at  the  centre  we 
may  use  the  methods  of  the  calculus.     Differentiating  eq.  (24)  for  /^  and  v  variable,  we  have 

16     V 
dlc^  —  •  jdv. .    (26) 

Doing  the  same  with  (25)  for^  and  v  variable,  we  have 


whence 


4 
dy —  y^lx -' a^)dv,      •••••••••••    (37) 


^^=^(^'^-^)^^-    •    •    • (^) 


But  die  is  the  change  in  length  of  the  cable  due  to  a  change  in  unit  stress  in  it  of  dfc^  or 

die  =  ic-^  =  xi-T  -  yy^» ••..•••    (29) 

whence 

^,=  [H(,_.)  +  -(,_^)]f. (3„) 

This  is  the  change  of  sag,  or  the  deflection,  of  any  point  in  the  cable  {pcy)  due  to  a  change  of 
unit  stress  in  the  cable  of  dfc. 

The  deflection  of  B  due  to  the  stretch  of  the  hanger  is 

^,  =  Af  =  (.-^)f  =  .[x-f(,-£)]f. (31) 

The  total  deflection  of  B  due  to  the  cable  system  is  therefore  ^  +  d?4 ,  as  given  by  eqs. 
(30)  and  (31). 

166.  Deflection  of  the  Stay  System  for  Full  Loads. — The  length  of  a  stay  in  terms 
of  V  and  x  is 

^  =  //  -  ^, 
whence 

*.=:^'.='tf =(^f (3.) 

This  is  the  deflection  of  B  due  to  a  stretch  of  the  stay  OB.  But  the  bottom  chord  also 
stretches  between  the  corresponding  stay  attachments  at  the  two  ends,  which  allows  of  a 
corresponding  diminution  in  jr,  for  when  BC  increases,  AB  decreases  by  a  like  amount.  If  the 
truss  were  rigidly  fastened,  or  buttressed  at  A^  we  might  assume  a  compression  in  AB\  but 
although  it  is  anchored  down  at  A,  it  must  be  allowed  to  expand  and  contract  from  tempera- 
ture, and  hence  the  anchor-rods  permit  of  some  longitudinal  motion  here.  We  are  now 
solving  for  a  full  load,  and  hence  the  stays  will  pull  symmetrically  on  the  bottom  chord. . 
When  one  end  only  is  loaded,  the  loaded  end  of  the  truss  is  pinned  fast  to  the  pier  by  the 
load,  while  the  opposite  end  is  swung  free.  The  stays  at  the  unloaded  end  also  are  slack  since 
the  truss  is  here  deflected  upwards,  and  hence  they  cannot  counteract  the  horizontal  pull  in 
the  stays  at  the  loaded  end.  In  this  case  the  horizontal  component  of  the  stress  in  the  stays 
is  taken  by  the  bottom  chord  in  compression  from  the  foot  of  the  stay  to  the  pier  at  that  end. 
provided  it  is  held  to  place  here.     This  case  will  be  discussed  below. 

If  we  assume,  for  full  loads,  that  about  five-eighths  of  the  length  of  the  bottom  chord  is  in  uni- 
form tension,  from  the  stays,  of  df^  per  square  inch,  the  equations  will  be  simplified,  and  with  no 
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appreciable  error.    The  stretch  of  bottom  chord  will  be,  therefore,  q /W^t,  and  since  this  will 
be  the  measure  of  the  diminution  of  x.  we  mav  write 

—  dx  =  — ^/-p-. 
16  £t 

But  from  the  triangle  A  OB  we  have  t^  =  I*  —  jr',  whence 


dt/i  = dx  =  "-?-  .  -=-. 


(33) 


This  is  the  deflection  of  ^  due  to  the  stretch  of  the  lower  chord. 

The  total  deflection  of  B  in  the  stay  system  is  therefore  dv,  4-  dV( ,  as  given  in  eqs.  (32)  and 
(33).     We  are  now  prepared  to  compare  the  deflections  of  the  two  systems. 

167.  Comparison  of  Deflections  in  the  Cable  and  Truss  Systems  for  Full  Load.— 
By  giving  to  x  and  v  values  in  terms  of  /  in  eqs.  (30),  (31),  (32),  and  (33),  we  can  obtain 

numerical  coefficients  for  the  expressions  /-^,  ^'W*  ^~W*  ^"^  ^F~^*  these  being  the  values  of 

the  stretch  from  full  live  loads  in  the  cable,  the  hangers,  the  stays,  and  the  lower  truss  chord, 

respectively.     In  the  following  table  such  coefficients  are  given  for  ;r  =  -ji^f ,  J,  -j^,  and  J  of  /, 

/  / 

and  also  for  -  =  12  and  —  =  16,  these  being  about  the  limiting  values  of  the  ratios  of  length 

to  versed  sine  for  good  practice  for  long  spans. 

TABLE  OF  DEFLECTION  COEFFICIENTS  OF  CABLE  AND   STAY  SYSTEMS  FOR  FULL  LOADS. 


dA      d/k      if.            4ft 
Coef&cienU  of  Z-^,    /  ^  ,    /-^,  and    /^  for  dy^  dk^  dv^^  and  dv^. 

tr  =  A^ 

f  =  A/. 

• 

^-AA 

jr=l/. 

X  =  A/. 

x-\l. 

x»A/. 

x  =  4/. 

*  =  */. 

x^\L 

Deflection  of  cable  =  dy 

0.54 
0.06 
0.13 
0.24 

I.OI 
0.05 
0.27 
0.47 

1.42 
0.03 
0.50 
0.70 

1.72 

0.02 
0.83 
0.92 

0.71 
0.04 
0.12 
0.31 

1.33 
0.03 
0.31 
0.62 

1.89 
0.02 
0.62 
0.94 

2.27 
0  or 

Stretch  of  hancrer  =  dh 

Deflection  from  stay  =  dvg 

1 .06 

Deflection  from  truss  chord  =  dvt 

1.25 

Before  we  can  use  this  table  we  must  decide  what  the  changes  in  unit  stress  will  be  in 

the  several  parts.    The  dead  load  is  supposed  to  rest  wholly  on  the  cable  and  hangers,  the 

stays  and  truss  being  without  stress.     The  dead  load  may  also  be  taken  as  equal  to  one  half 

w 
the  live  load,  or  j  =  — .     Hence  the  change  of  stress  in  the  hangers  and  cable  for  full  live 

load  will  be  two-thirds  of  the  total  stress,  or  say  24,000  lbs.  per  square  inch.  The  stays  may  be 
stressed  to  40,000  lbs.  per  square  inch,  all  of  which  is  due  to  live  load.  The  bottom  chord  of  the 
truss,  if  of  structural  steel,  may  have  a  tensile  stress  of,  say,  10,000  lbs.  per  square  inch  added 
to  it  for  live  load  from  the  stays,  since  there  is  then  no  bending  moment  in  the  truss  to  speak 
of.  If  the  truss  is  of  timber,  then  it  may  have  500  lbs.  per  square  inch  added  to  the  total 
lower  chord  section,  thus  making  the  stretch  of  this  member  the  same  in  both  cases,  since 


10,000  500  ^       dft 

-' =  — =  0.00036  =  —-. 

28,000,000      1,400,000  ^        E^ 


The  truss  may  be  of  timber,  and  hence  it  is  necessary  to  use  a  different  modulus  of  elasticity  here. 
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If  we  now  put 


E 

4f, 

E 

4ft 

and  take  / 


dfc  _    24,cx)0 
E  ""  28,cxx),ooo 


=  o.ocx)86. 


40,000 
28,000,000  =  ^~^43> 


10,000 


500 


28,000,000      1400,000 
1000  feet, 


=  0.00036, 


(34) 


we  obtain  the  following'  table  of  actual  deflections : 

TABLE  OF  DEFLECTIONS,   IN   FEET,   OF   STAY  AND  CABLE  SYSTEMS. 

Length  of  Span  =  1000  Feet. 


Veraed  sine  «  ~  span  or  v  ■■  — . 
la  13 


Deflection  of  cable  =  d^ 

Stretch  of  hanger  =  dU 

Deflection  of  cable  system  =  dy  '\-  dlh 

Deflection  from  stay  =  dv^ 

Deflection  from  truss  chord  =.  dvt 

Deflection  of  stay  system  =  dvg  •\-  dvt . 
Ratio  of  cable  system  to  stay  system. . 


A/. 


ft. 
0.46 
0.05 
0.51 
0.18 
0.09 
0.27 
a. II 


i/. 


ft. 

0.86 
0.04 

o.9<3 
0.3S 
o.  17 

0.55 
1. 71 


jr  =  A^. 


i/. 


Versed  m 


a 


—  span  or 


76' 


M 


ft. 

I  .22 

0.03 

0.72 
0.25 
0.97 
1.29 


ft. 

ft. 

1.48 

0.61 

0.02 

0.04 

1 .50 

0.65 

1. 18 

0.17 

0  33 

0.  ir 

I-5I 

0.28 

0.99 

2.32 

i^ 


ft. 

T.I4 

0.03 
1. 17 
0.44 

0.22 
0.66 

J. 77 


^-ft/. 


ft. 

1.63 
0.02 
1.65 
0.89 
0.3J 
1.23 

1-34 


x-K 


ft. 
1.95 

O.OI 

1.96 

1-54 
0.45 
1.99 

0.98 


The  last  line  in  this  table  gives  the  ratios  of  the  deflections  of  the  two  systems /i^r /A/- 
assumed  unit  stresses.  But  since  these  deflections  must  be  equal  in  ail  cases,  we  may  reason 
back  to  the  actual  stresses  and  conclude  that  the  last  line  in  this  table  shows  also  the  ratio  of 
actual  to  the  assumed  stresses  in  the  stays,  for  the  stresses  in  the  cable  system  remaining  constant. 
That  is,  if  the  change  in  unit  stress  in  the  cable  system  for  live  load  is  to  be  24,000  lbs.  per 
square  inch,  then  the  stay  attached  ^/ f rom  the  pier  will  be  stressed  to  2.0  X  40,000  lbs.  per 
square  inch,  or  80,000  lbs.  per  square  inch  ;  the  one  attached  \l  from  the  pitr  will  be  stressed 
to  1,7  X  40,000  lbs.  =  68,000  lbs.  per  square  inch  ;  the  one  attached  -j^^/out  will  be  stressed 
to  1.3  X  40,000  =  52,000  lbs.  per  square  inch ;  while  the  one  attached  \l  from  the  pier  will  be 
stressed  to  its  assumed  amount. 

These  results  are  wholly  independent  of  the  absolute  or  relative  sizes  of  the  stays  and  cable ^ 
and  of  tlte  loads  to  be  carried!^  Therefore  if  these  ratios  of  variation  of  working  stresses  can 
be  allowed,  the  stays  may  be  made  of  any  desired  size,  independent  of  all  other  dimensions. 
The  assumed  variation  of  unit  stress  in  the  cable  of  24,000  lbs.  per  square  inch  due  to  livt- 
load  only  is  very  large.  If  this  be  reduced,  the  stresses  in  the  stays  will  be  reduced  accord- 
ingly. Since  the  stays  are  no  part  of  the  main  .system,  it  is  thought  the  stresses  in  those  stays 
next  to  the  piers  may  very  well  be  about  twice  the  total  working  stress  in  the  main  cable. 
When  the  stays  are  attached  farther  out  from  the  piers  than  J  of  the  span,  they  will  of  neces- 
sity have  a  less  unit  stress  in  them  than  obtains  for  the  cable,  whatever  their  size. 

168.  Action  of  the  Stays  under  Partial  Load. — If  the  live  load  cover  only  one  half  the 
span,  for  instance,  then  the  truss  is  supposed  to  distribute  this  load  evenly  upon  the  cable,  and 
is  therefore  deflected  upward  somewhat  on  the  unloaded  end.  This  causes  the  stays  to  be 
slack  at  that  end,  and  hence  they  cannot  exert  the  necessary  horizontal  pull  upon  the  truss  to 
balance  that  of  the  stays  at  the  loaded  end.     In  this  case  the  stays  act  exactly  like  the  sus- 

*  This  it  very  nearly  true  for  all  practicable  tifet  of  tuji* 
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pension  members  in  a  cantilever  bridge,  and  the  horizontal  components  of  the  stresses  in  them 
must  be  resisted  by  a  compressive  stress  in  the  bottom  chord  of  the  truss  back  to  the  pier  at 
the  loaded  end.  To  prevent  the  truss  from  sliding  back  over  the  pier  it  should  have  an  abut- 
ting resistance  so  arranged  as  to  allow  of  the  necessary  expansion  but  no  more.  It  can  then 
come  to  a  solid  bearing  and  the  stays  can  come  into  action.  Since  the  cable  system  does  not 
deflect  at  any  point  under  a  partial  load  as  much  as  it  does  under  a  full  load,  the  stays  will  be 
less  strained  under  the  load  here  taken  than  under  the  full  loads  already  discussed,  and  hence 
this  question  needs  no  further  consideration. 

169.  Stresses  in  Members  when  Stays  are  Used. — Since  the  maximum  unit  stresses  in 
the  stays  are  independent  of  their  size,  so  long  as  they  do  not  carry  the  whole  live  and  dead 
load  on  the  parts  reached  by  them,  they  can  be  made  of  any  desired  size.  If  they  are  all  of 
the  same  size,  they  carry  diminishing  loads,  as  their  points  of  attachment  are  farther  from  the 
piers ;  or  if  they  are  intended  to  carry  equal  vertical  loads  then  they  must  increase  in  size  as 
the  secants  of  their  angles  with  the  vertical. 

Let  us  suppose  they  are  intended  to  carry  one  half  the  live  load  out  to  the  quarter  points. 
Then  if  /  =  total  live  load  per  lineal  foot  of  span, 

w=     "     dead  "       "        "         "     "      " 

d  =  spacing  between  hangers, 

/I  =       "  "        stay  attachments, 

P=,  vertical  load  on  one  stay, 

J  =  angle  stay  makes  with  the  vertical, 

pa 
we  have  P  =  —  and 

4 

Stress  in  Stay  =  —  sec/ (35) 

4 

Since  the  total  load  carried  by  the  stays  is  supposed  to  be  -  •-  =  —» the  maximum  load 
on  each  cable  system  is  ^{w  +  J/)/.     Hence  the 

Maximum  I^ad  on  each  Hanger  = -A^^  (36) 

2  ^         4 

Also,  from  eq.  (5), 

Maximum  Stress  in  Cable  =  T\^  +  T/J4/  '  +  \7^)  •      •    •    •    (37) 

The  total  tensile  stress  in  the  lower  chord  of  the  truss  for  a  full  load  should  also  be  com- 
puted. For  this  loading  there  is  considerable  bending  moment  in  the  truss,  at  the  centre,  when 
stays  are  employed.  If  the  stays  carry  one  half  the  live  load  on  the  end  portions  and  reach 
to  the  quarter  points,  there  would  then  be  a  uniform  upward  pull  on  each  truss  from  the  cable 
of  \p  per  lineal  foot ;  a  uniform  downward  load  on  the  end  sections  of  \p  per  lineal  foot,  and  a 
uniform  load  on  the  middle  portion  of  ip  per  lineal  foot,  with  end  reactions  of  zero,  under  our 
assumptions.    These  loads  would  develop  a  bending  moment  in  the  truss  at  the  centre  of  the 

span  of  — .     When  the  stays  are   attached  to  the  lower  chord  the  sum  of  the  horizontal 

I2o 

components  of  the  stresses  in  all  of  them  is  carried  by  this  chord.    The  horizontal  component 

pa      pa 
of  the  stress  in  any  one  stay  which  carries  a  vertical  load  of  —  is  —  tan/     Hence  we  have 

4        4 

pa  pl^ 

Total  Tension  in  Bottom  Chord  =  2—  tan/  +  j^.  .    •     .     .     .     (38) 
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The  total  load  in  each  pier  is  the  sum  of  all  the  vertical  components  in  the  cables  and 
stays  leading  to  it  from  both  sides.  If  this  reaction  is  vertical,  which  it  always  should  be» 
then  the  horizontal  components  on  the  two  sides  are  equal. 

If  the  shore  cables  and  stays  are  all  symmetrical  with  those  on  the  suspension  side  (which 
is  likely  to  be  true  of  the  cable  but  not  of  the  stays),  then  the  vertical  components  on  the 
two  sides  are  also  equal.  Now  the  vertical  components  on  the  span  side  are  equal  to  the  load 
carried ;  hence  we  have,  for  symmetrical  arrangement  on  span  and  shore  sides  of  pier, 


Toial  Load  on  Pier  =  2f^  +  «e;J-  =  (/  -j-  a)/; 


(39) 


and  if  each  pier  is  composed  of  two  towers,  then 

Total  Load  on  One  Tower  =  \f^p  +  w)/.    •    •    •    • (40) 

170.  The  Direction  and  Amount  of  Pull  on  the  Anchorage. — ^The  horizontal  compo- 
nent of  the  pull  on  the  anchorage  is  equal  to  that  at  the  centre 
of  the  span,  as  given  in  eq.  (2).     The  vertical  component  is 
equal  to  the  horizontal  component  into  tan  /,  where  i  is  the 
angle  the  cable  makes  at  the  anchorage  with  the  horizontal. 

Referring  to  Fig.  219,  and  taking  moments  about  C,  we 
have 


Fig.  219. 


V      sD 

or     K  =  ^-=: 

D       2 


(41) 


where  s  is  the  load  per  foot  horizontal  coming  upon  the  cable  on  the  shore  side,  including  its 
own  weight  (and  which  may  be  simply  its  own  weight) ;  H  is  the  horizontal  component  of 
the  pull  in  the  cable,  which  is  constant  from  one  anchorage  to  the  other  under  vertical  loads ; 
V  is  the  vertical  component  of  the  stress  in  the  cable  at  the  point  O,  which  will  be  taken  as 
the  origin  of  co-ordinates,  at  a  distance  D  from  the  pier,  and  at  a  height  v  below  the  top  of 
the  tower. 

Taking  moments  about  any  point  in  the  cable,  as  P^  remembering  that  there  is  never  any 
moment  in  the  cable  itself,  we  have 


Hy--  Vx —  =  o^ 

2 


or     V^I^--'A 

X        2 


(42) 


Equating  (41)  and  (42)  we  find  the  equation  of  the  curve  of  the  cable  on  the  shore  side 


to  be 


(43) 


To  find  the  angle  it  forms  with  the  horizontal  at  any  point  we  have 

—  -t!int-^x-\—-^j 

Hence,  for  ;ir  =  (^  or  at  the  anchorage,  distant  D  from  the  pier,  we  have 


•    •    (44) 


.      .       V      sD 

^'^^•  =  5""2ly 


(45) 


V  . 


Now  -=  is  the  tangent  of  the  angle  a  straight  line  through  O  and  C  makes  with  the  hori- 
zontal, and  when  the  load  on  the  cable  is  small  on  the  shore  side,  or  when  sD  is  very  small  as 
compared  with  2/^,  then  the  cable  will  deviate  very  little  from  a  straight  line  on  the  shore  side 
of  the  pier. 
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The  vertical  pull  on  the  anchorage  is,  therefore, 

jytanf.  =  -^-— (46) 

The  angle  of  the  cable  on  the  anchorage  side  at  the  tower  is  found  from  eq.  (44)  by 

making  x  ^='  D^  whence 

,   .                    sD    ^   V  ,    . 

tan  angle  %  at  tower  =  -^  +  ^**«** (47) 

This  angle  should  be  such  as  to  produce  a  vertical  reaction  in  the  tower.  To  accomplish 
this  it  may  be  necessary  to  transfer  some  horizontal  components  of  stress  from  stays  to  cable 
on  the  saddle,  which  may  be  done  through  their  frictional  resistance  to  sliding  without  any 
special  means  of  attachment. 

Note. — While  the  above  analysis  shows  that  composite  structures  may  be  computed  and  stresses  found 
on  any  given  assumptions,  it  must  be  borne  in  mind  that  a  structure  like  a  wire  cable  suspension-bridge 
does  not  admit  of  very  nice  adjustment  of  initial  tension  amongst  its  members,  or  of  very  rigid  joint 
connections.  Therefore,  even  though  the  engineer  succeeds  in  obtaining  the  proper  distribution  of  loads 
on  the  completion  of  the  structure,  it  is  not  likely  to  hold  this  adjustment  any  great  length  of  time. 
Hence  it  is  common  practice  to  dimension  the  members  on  the  assumption  that  it  is  to  act  as  a  simple 
structure,  and  then  the  superfluous  systems  serve  as  so  much  additional  factor  of  safety. 
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CHAPTER  XIL 

SWING  BRIDGES. 

S7I«  General  Formute. — ^A  swing  bridge  when  closed  is  ordinarily  a  continuous  girder 
of  two  or  more  spans.  If  the  ends  of  the  arms  are  almost  touching  their  supports,  without 
producing  any  end  reactions  from  dead  load,  the  span  is  balanced  over  the  centre,  and  the 
continuity  of  the  two  arms  makes  the  bridge  simply  two  cantilevers  balancing  each  other. 
When  the  live  load  comes  on  one  arm,  that  arm  is  immediately  deflected  until  it  finds  an  end 
reaction.  The  unloaded  arm  rises  and  still  has  no  end  reaction.  If  the  live  load  covers  both 
arms  and  is  symmetrical  about  the  centre,  there  may  still  be  no  end  reactions.  The  bridge 
then  becomes  a  tipper,  and  the  condition  which  then  obtains  is  the  same  as  in  a  locomotive 
turn-table.  This  condition,  however,  will  not  be  discussed  here,  as  it  does  not  properly  come 
under  the  head  of  swing  bridges. 

In  order  to  simplify  the  problem,  and  at  the  same  time  make  it  general  in  its  application, 
let  us  assume  the  bridge  closed,  with  the  ends  raised  by  raising  their  supports ;  then  the 
reactions  become  functions  of  the  elasticity.  If  we  assume  the  supports  as  unyielding,  the 
distortions  of  the  bridge  proper  need  only  be  considered.  In  what  follows,  the  usual  assump- 
tion of  constant  moment  of  inertia  is  made.  The  deflection  due  to  the  web  system  is  also 
neglected,  as  is  done  in  ordinary  continuous-girder  computations.  The  resulting  errors  largely 
neutralize  each  other.     See  Art.  178^. 

For  a  beam  continuous  over  three  or  more  supports,  the  "  Theorem  of  Three  Moments  *' 
applies  (eqs.  14  and  14^,  p.  148),  and  will  enable  us  to  find  the  moments  at  the  supports ;  from 
these  the  reactions,  and  Anally  the  stresses.  Since  all  loads  are  given  over  to  the  trusses  as 
panel  concentrations,  the  equation  (14^)  for  concentrated  loads  will  be  used.    This  equation  is 

in  which  Mr  ., ,  Mr  9  and  Mr+j  are  the  moments  at  the  (r  —  i)th,  rth,  and  (r-|-  i)th  supports, 
respectively,  beginning  on  the  left  hand  ;  /,, . ,  and  /,.  are  the  lengths  of  the  (r  —  i)th  and  rth 
spans;  iV—  l  and  Pr  are  any  concentrated  loads  on  these  spans;  and  k/=:  a  is  the  distance 
from  the  load  to  the  support  on  the  left. 

172.  For  a  Continuous  Girder  of  Two  Spans. — Fig.  220,  M^  and  M^  are  both  zero. 
Making  r  ss  2  in  eq.  (l)»  and  assuming  load  P^  on  one  arm  only,  we  have 


a^klt 


Pi 


B 


!■  I. 


Fig.  230. 
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Passing  a  section  at  B,  and  equating  the  moments  of  the  forces  to  the  left  with  5  as  a  centre, 
we  have  also 

if.=j?.x/.-/>.(/.-«);  .-.  ig.=^'+7'^^^' 

Substituting  value  of  M^  from  eq.  (2),  we  have 


*•  — 3^<*-'^+'''-'''7 


LetA— <«A;  ^^ 


^.=5(I^)<^<'+'*^-^'  +  *-^**^+^^* 


(3) 


Similarly,  we  find 


ie.=    ,   j   ,  {-i+Jlf) 0    (4) 

^      2(1  +  «)« 


and  from  2  vert.  comp.  =  o  we  have 

then  substituting  values  for  i?,  and  i^,  we  have 

ie,=  ^{*(i  +  2»)-^l (5) 

For  loads  in  span  /,  make  /,  =  «/,  and  make  ^  =  */,  =  distance  from  right-hand  support. 
Then  R^  becomes  R^  and  /?,  becomes  /?» . 

The  above  eqs.  (3),  (4),  and  (5)  are  all  that  are  necessary  in  computing  the  reactions  for 
any  continuous  girder  over  three  supports  with  unequal  spans. 

For  Equal  Spans,  l^=^l^^  /;  /.  «  =  i. 

ie.=jl4-5*+*'}; .    .    •    (6) 

4 

^  =  ^{3*-^|; (7) 

4 

The  above  eqs.  (6),  (7),  and  (8)  are  all  that  are  necessary  in  computing  the  reactions  for  any 
continuous  girder  over  three  supports  with  equal  spans.  In  any  case,  it  is  not  necessary  to 
find  the  pier  moments  AT,  directly.  Having  once  the  reactions,  the  stresses  in  the  members 
are  easily  found  by  the  principles  of  statics. 
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Far  a  Continuous  Girder  over  Four  Supports  (Fig.  221),  a  condition  which  frequently 
obtains  in  swing  bridges,  with  mid-span  /,  unloaded,  we  have  from  eq.  (i),  making  r  =  2  and 
making  i^  s  4  ^  A 


and  maldng  r  b  3, 


Pig.  331. 


^11 -v  4) + ^.A = -  pnk  -  k')\ 


(9) 


if./.  +  2if.(/.  + /)  =  O. 


(9«: 


II  a 

For  convenience  make  /,  =  -;  .\n-=j'.,  then  k  =  -j-    Make  3  +  8«  +  4«'  =  ^j  then  from 

eqs.  (9),  (9a)  we  can  obtain  the  reactions  similarly  as  for  a  beam  continuous  over  three 
supports. 

The  various  steps  in  deducing  the  following  equations  will  not  be  given.    We  then  have 


ie,  -  ^j/r- (/r+ 2« + »0*+ (a»+ 2«y  I; 


(10) 


R^ «  ^j(3  +  io»  -f  pw*  +  a>0*  -  (a«  +  5»*  +  2«Vh 


(") 


^-j^j-(«+3«*+2»0*^+  («+3«'  +  2«')^|; 


(12) 


R^  «  -rr\nk  —  «^|. 


(13) 


For  loads  in  span  /, ,  tf  =  distance  from  right-hand  support.  Then  R^  becomes  R^ ,  R^  becomes 
R^ ,  R^  becomes  i?, ,  and  R^  becomes  ^,. 

The  above  equations  (lo),  (li),  (12),  and  (13)  are  all  that  are  necessary  in  computing  the 
reactions  for  any  continuous  girder  over  four  supports,  with  equal  end-spans,  and  mid  span 
unloaded,— conditions  usually  obtaining  in  a  swing  bridge. 

When  the  reactions  /?,  or  R^  become  minus,  eqs.  (11)  or  (12),  and  the  girder  is  not  held 
down  sufficiently  by  its  own  weight  or  otherwise,  the  condition  of  the  beam  is  at  once  changed 
to  that  of  a  beam  continuous  over  three  supports.  As  swing  bridges  are  ordinarily  built,  it  is 
impracticable  to  hold  down  the  centre  supports.  This  subject  will  be  taken  up  again  further 
on  in  discussing  the  various  forms  of  swing  bridges  in  common  use. 

The  foregoing  equations  are  all  that  are  needed  in  computing  the  stresses  for  any  swing 
bridge. 


SWING  BRIDGES, 
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CONSTANTS   FOR   REACTIONS.   />  =  1000   POUNDS.   FOR   BEAM   CONTINUOUS   OVER   THREE 

SUPPORTS.   WITH   TWO   EQUAL  SPANS. 
(For  loads  on  the  left  span  only.) 


No.  of  Eoual  Panels 
in  eacn  Span. 

Values  for  il  =  -. 

'^ 

1? 

-• 

a 

1^-2 

+  406.25 

+  687.50 

-  93.75 

a 

592.6 

481.5 

74-1 

. 

3   " 

240.7 

851.9 

92.6 

2A»,  =  +   833.3 

2^,  =  +  1333.4 

S^t  =  -  166.7 

4 

I  -1-4 

691.4 

367.2 

58.6 

2      " 

406.3 

687.5 

93.8 

3    " 

168.0 

914.0 
S/^t  =  + 1968.7 

82.0 

2/(i  =  -1-  1265.7 

S^t  =  —  234.4 

5 

I  -i-s 

752.0 

296.0 

48.0 

a    " 

516.0 

568.0 

84.0 

^•!! 

304.0 

792.0 

96.0 

4*/* 

128.0 

944.0 

2/dt  —  +  2600.0 

72.0 

2^1  =  + 1700.0 

2^t  =  —  300.0 

6 

I  -1-6 

792.8 

247.7 

40.5 

2     " 

592.6 

481.5 

74-1 

3     " 

406.25 

687.5 

93.75 

4    " 

240.75 

851.85 

92.60 

5    " 

103.0 

960.7 

63.70 

^i?,  =  +  2135.4 

2/dt  =  +  3229.25 

2^9  =  -^  364.65 

7 

1  -«-  7 

822.2 

212.8 

35.0 

2    '* 

648.7 

416.9 

65.6 

3    " 

484.0 

603.5 

87.5 

4    " 

332.4 

763.8 

96.2 

5     " 

198.2 

889.3 

87.5 

6    " 

86.0 

970.9 
2/?t  =  +  3857.2 

56.9 

S/^r  =  +  2571.5 

^^,  =  -428.7 

8 

I  -1-8 

844.3 

186.5 

30.5 

2     " 

691.4 

367.2 

58.6 

3     " 

544.5 

536.1 

80.6 

4     " 

406.3 

687.5 

93.8 

5    '* 

279.8 

815.4 

95-3 

6    •* 

168.0 

914.0 

82.0 

7     '* 

73.7 

977.6 

51.3 

2/di  =  +  3008.0 

S/^t  =+4484.3 

S/ft  =  -  492.3 

9 

I  H-9 

861.5 

166.0 

27.5 

2     " 

725.0 

'       327.8 

52.8 

3     " 

592.6 

481.5 

74.1 

4     " 

466.4 

622.8 

89.2 

5     " 

348.4 

747.6 

96.0 

6     " 

240.7 

851.9 

92.6 

7     " 

145.4 

931.4 

76.8 

8    " 

64.5 

982.2 

46.7 

^A*,  =  +3444.5 

2/^9  =  +51 1 1.2 

5^t  =  -  555.7 

10 

I  -4-  10 

875.25 

149-5 

24-75 

2      ** 

752.0 

296.0 

48.0 

3    •' 

631.75 

436.50 

68.25 

4     " 

516.0 

568.0 

84.0 

5    " 

406.25 

687.5 

93.75 

6    ** 

304.0 

792.0 

96.0 

7    '* 

210.75 

878.5 

89.25 

8    •' 

128.0 

944.0 

72.0 

9    " 

57.25 

985.5 
^A-azr  +5737.5 

42.75 

SA',  = +3881.25 

2i?i  ss  -  618.75 

Check,  for  any  value  of  i,  (^1  +  ^,  +  ^«)  5=  -/>  =  1000  ;  also,  in  any  case  2/di  +  2/^^  +  2/dt  =  2P  =  ^1000. 


2o6 


MODERN  FRAMED  STRUCTURES. 


173,  In  Computing  the  Various  Reactions  for  each  truss  panel  point,  the  work  will 
be  very  much  simplified  by  first  computing  the  reactions  for  an  assumed  load  of,  say,  1000 
pounds  at  each  point  successively.  This  will  give  constants  for  reactions  for  each  panel  point, 
which  can  then  be  multiplied  by  the  ratio  of  the  true  load  to  1000  pounds  to  obtain  the  true 
reaction. 

a 

Again,  as  the  panels  in  each  arm  are  usually  of  the  same  length,  ^  =  j  can  be  expressed 

by  the  fractions  i,  \y  J,  \y  etc. 

The  table  on  the  opposite  page  gives  the  constants  for  reactions  for  a  beam  continuous 
over  three  supports  of  two  equal  spans,  from  eqs.  (6),  (7),  and  (8)  for  values  oi  ky,  I  from 
I  to  9  inclusive. 

The  dead  load  for  railway  swing  bridges,  in  general,  may  be  obtained  very  closely  by 
finding  first  the  weight  of  a  fixed  span  of  the  same  length,  and  from  this  deduct  the  weight 
of  the  turn-table  to  be  used. 

For  single-track  bridges,  where  the  live  load  is  nearly  3000  lbs.  per  lineal  foot* 


Total  weight  of  metal  =  5/*  +350/; 

"         "        "  turn-table  (generally)  =  /  X  400 ; 
u         «       M  metal  above  turn-table  =  5/"  —  50^ 

The  weight  per  foot  above  turn-table  may  be  taken  as  w  =  5/  —  50,  where  /  here  is  the 
total  length  of  the  two  spans  of  the  swing  bridge.  To  the  above  weight  add  400  lbs.  per  foot 
for  weight  of  track. 

For  double-track  bridges  add  from  70  to  90  per  cent  to  the  above  weights.  The  percent- 
age to  be  added  varies  indirectly  with  the  length  of  the  span.  The  live  load  for  highway 
bridges  is  the  same  as  given  in  Chap.  IV. 

The  live  load  for  railway  bridges  can  be  assumed  as  a  uniform  train  load  with  one  or  two 
engine  excesses ;  unless  a  train  of  engines  is  specified,  when  an  equated  uniform  live  load  can 
be  used.  The  former  is  the  more  common,  and  will  be  used  in  all  the  subsequent  computa- 
tions. The  excess  used  in  each  case  is  the  difference  between  the  maximum  panel  concentration 
from  the  engine  and  the  uniform  train  load.  Where  two  engines  are  specified,  it  is  customary 
to  assume  the  excesses  to  be  equal  and  placed  at  the  nearest  panel  points. 

174.  Ceptre-bearing  Pivot ;  Three  Supports.  Figs.  220  and  222. — In  this,  the  entire 
weight  of  the  bridge  when  open  is  carried  by 
the  cross-beam  ee'  to  the  pivot  P.  When 
closed,  the  ends  of  the  bridge  are  raised  at  a^ 
a\  iy  and  i\  The  bridge  is  thus  a  continuous 
girder  of  two  spans  for  dead  load,  and  for  live 
load  so  long  as  the  end  reactions  are  positive,  a 
The  deflection  of  the  ends  under  dead  load  is 
very  accurately  computed  after  the  bridge  is 
designed,  by  the  method  explained  in  Chap.  ^ 
XV.  After  raising  the  ends,  wedges  are  in- 
serted at  e  and  e'  and  brought  to  a  firm  bearing,  thus  relieving  the  pivot  P  from  all  live  load 
except  the  panel  load  at  ee^.  The  ends  are  not  latched  down,  hence  there  can  be  no  down- 
ward or  negative  reaction. 

To  compensate  for  lack  of  proper  adjustments,  and  also  as  unequal  chord  temperatures 
affect  the  deflection  at  the  ends,  two  assumptions  will  be  made  in  computing  the  dead  load 
stresses:  ist,  the  ends  just  touching  with  no  positive  reactions;  and  2d,  the  end  reactions 
equal  to  those  of  a  continuous  girder  over  three  supports.     It  is  safe  to  assume  that  practically 


Fig.  22a. 
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the  end  reactions  will  vary  between  the  limits  of  these  assumptions.  In  fact,  it  will  be  shown 
that  in  a  properly  designed  bridge  the  ends  should  at  all  times,  when  the  bridge  is  closed,  be 
•Raised  so  that  the  end  reactions  will  be  at  least  a  mean  between  those  existing  when  there  are 
no  positive  reactions,  and  when  the  end  reactions  are  equal  to  those  of  a  continuous  girder 
'^ver  three  supports.     The  analysis  will  then  consider  the  following  cases : 

Case  L     Bridge  swinging,  dead  load  only  acting. 

Case  II.  Bridge  closed,  ends  raised,  dead  load  only  acting,  continuous  over  three 
supports. 

Case  III.  Live  load  on  one  arm  only,  for  maximum  tension  in  lower  chord  and  maxi- 
mum compression  in  upper  chord,  also  maximum  web  stresses  from  end  towards  centre. 

Case  IV.  Live  load  on  both  arms.  With  a  uniform  live  load  on  one  arm,  a  train  comes 
on  the  other  arm  and  advances  until  the  whole  bridge  is  covered,  giving  maximum  tension  in 
the  upper  chord  and  maximum  compression  in  the  lower  chord,  also  maximum  web  stresses 
£rom  the  centre  to  the  end. 

The  stresses  to  be  used  will  be  the  largest  of  each  kind  obtained  by  combining  Cases  III 
and  IV  with  Cases  I  or  IL 

Case  L — In  this  case,  the  two  arms  are  simply  cantilevers  balancing  each  other  over  the 
centre;  and  stresses  are  easily  determined  by  diagram,  or  otherwise,  beginning  at  the  end  of 
the  bridge  where  the  only  external  force  is  the  load  at  that  point. 

Case  II. — In  this  case,  the  bridge  acts  as  a  continuous  girder  over  three  supports.  As 
the  two  arms  are  equal,  the  constants  for  reactions  given  in  the  table,  Art.  172,  can  be  used. 

w 
Let  IV  denote  the  dead  load  per  truss  panel  ==  t*  X  panel  length ;   then,  as  the  number  of 

panels  ^  4, 

ie,= (1265.7—  234-4)  X 


w 

1000 

= 

w 

1000 

X  1031.3 

M 

- 

M 

X  3937-4 

8 

W 

X  1031.3 

^  =  (1968.7  +  1968.7)  X     - 

Check:  {R,  +  R,  +  Ii,)=z2W^6lV. 

After  finding  i?, ,  the  stresses  are  easily  found  by  diagram  or  analytically. 

Case  III. — In  this  case,  we  wish  first  to  find  the  maximum  tension  in  the  lower  chord 
and  the  maximum  compression  in  the  upper  chord. 

*  Before  proceeding  further  it  will  be  necessary  to  investigate  the  law  of  the  variation  of 
the  moment  in  a  two-span  continuous  girder  due  to  a  load  at  any  point.     Let  ABC,  Fig.  223, 

_^^p  represent  such  a  girder.     By  eq.   (6)  the  reaction  at  yl 

— V      |M  1^  due  to  a  load  P^  in  th€  first  span  is 


—a 
A 


Fto.  833.  I       ^  «t      J     I       M 


*  The  following  method  of  finding  the  position  of  live  load  for  maximum  chord  stresses,  and  the  diagram,  Fig. 
294,  are  from  a  paper  by  Prof.  M  A.  Howe  on  "  Maximum  Stresses  in  Draw  Bridges,"  published  in  the  Journal 0 J 
the  AssociaHon  of  Enginetring  Societies,  July,  i8q3« 
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a  positive  quantity  for  all  values  of  k  from  o  to  i.     The  moment  at  any  point  Nto  the  left  of 
P, ,  at  a  distance  x  from  A^  is  equal  to  R^Xx^di  positive  moment*    For  a  point  N  to  the  right 
of  P^  the  moment  ia 

if  as  ie,  X  ^--P,  X  (jr-i/) 

„/>^/.^5^ (H) 


This  moment  is  zero  vdien 


4 


or,  if  4r,  b  that  value  of  4r  for  which  the  moment  is  zero,  we  have 


*. 


5-^ 


(15) 


To  the  left  of  this  point  of  zero  moment  the  moment  is  positive,  and  to  the  right  it  is  negative. 
For  loads  in  the  second  span,  i?,  is  negative ;  hence  the  corresponding  moment  in  the  first 
span  is  at  all  points  negative. 

The  value  of  y  in  eq.(i5)  varies  fromaS,  for  ^  =  o,  to  i  for  ^  =  i,  and  hence  all  loads 

X 

in  the  first  span  cause  positive  moments  at  all  points  to  the  left  of  the  point  where  j  =  a8. 

The  curve  of  eq.  (15)  is  given  in  Fig.  224,  the  scale  for  values  of  k  and  y  being  the  same  as 

for  k  and  i?,  in  the  curves  for  J?,. 

The  diagram.  Fig.  224,  contains  the  plotted  curves  of  eqs.  (6)  and  (8),  giving  values  of 
R^  for  values  ol  kor  k'  between  o  and  i,  and  for  a  value  of  P^  or  P^  equal  to  unity.  The  re- 
action, R^ ,  due  to  any  panel  load,  whether  from  live  or  dead  load,  is  then  found  by  reading 
off  the  ordinate  to  the  proper  curve  for  the  value  of  k  or  k'  corresponding  to  the  panel  point 
in  question,  and  then  multiplying  by  the  panel  load.  The  total  reaction  due  to  any  load  is 
the  sum  of  the  partial  reactions  due  to  panel  loads  thus  found. 

It  is  seen  from  the  diagram  that  R^ ,  for  loads  on  the  second  span,  is  always  negative, 
having  a  maximum  negative  value  of  .096  when  k'  =  .577.  Also,  that  for  loads  on  the  first 
span  R^  is  always  positive,  varying  in  value  from  i  to  o  as  ^  varies  from  o  to  i. 

Maximum  Positive  Moment,  or  Maximum  Compression  in  the  Upper  Chord  and  Maximum 
Tension  in  the  Lower. — It  has  just  been  shown  that  any  load  in  the  second  span  causes  nega- 
tive moments  at  all  points  in  the  first,  and  that  any  load  in  the  first  span  causes  positive 

X 

moments  at  all  points  in  tJie  first  span  to  the  left  of  the  point  where  j  =  0.8 ;  hence,  for  a 

maximum  positive  moment  at  any  point  to  the  left  of  this  point,  the  second  span  should  con- 
tain no  loads  and  the  first  span  should  be  fully  loaded. 

X 

For  a  centre  of  moments  to  the  right  of  the  point  where  y  =  0.8,  those  joints  in  the  first 

span  should  be  loaded  for  which  the  point  of  zero  moments  is  on  the  right  of  the  centre  of 
moments  taken.  As  many  different  loadings  are  required  as  there  are  centres  of  moments  in 
one  fifth  the  span,  usually  not  more  than  one.  The  point  over  the  centre  support  is  not  used 
as  a  centre  for  positive  moments,  as  the  greatest  positive  moment  there  is  zero. 
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It  will,  however,  be  shown  that  for  all  members  to  the  right  of  the  point  where  j  =  0.8, 

we  can  for  all  practical  purposes  assume  the  first  span  fully  loaded ;  then  for  a  uniform  live 
load  one  position  is  all  that  is  necessary  to  find  the  maximum  compression  in  the  upper  chord 
and  maximum  tension  in  the  lower. 
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The  position  of  the  loads  having  been  found  in  any  case,  the  reaction  /?,  is  obtained  as 
previously  explained,  and  thence  the  stresses  in  the  members. 

We  next  want  to  find  the  maximum  web  stres.ses  from  the  end  towards  the  centre. 

Maximum  Positive  Shear ^  or  Maximum  Tension  in  those  Diagonals  Inclining  Downward 
toward  the  Right. — The  positive  shear  in  any  panel  is  equal  to  /?, ,  minus  the  loads  between 
the  left  support  and  the  panel  in  question.     From  this  it  follows,  for  a  maximum  positive 
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shear  in  any  panel,  that  there  should  be  no  loads  in  the  second  span,  for  any  load  in  the 
second  span  causes  a  negative  reaction  at  the  left ;  that  all  joints  in  the  first  span  to  the  right 
of  the  panel  in  question  should  be  loaded,  for  any  load  in  the  first  span  causes  a  positive 
reaction  at  the  left ;  and  that  no  joints  to  the  left  of  the  panel  should  be  loaded,  for  any  load 
in  the  first  span  causes  a  less  reaction  than  the  load  itself. 

The  proper  position  of  the  loads  and  the  corresponding  value  of  R^  having  been  found 
for  any  member,  the  stress  in  the  member  is  perhaps  best  found  by  subtracting  from  oi 
adding  to  the  shear  the  vertical  component  of  the  stress  in  the  upper  chord  member  cut,  thus 
getting  the  vertical  component  of  the  web  stress. 

The  stresses  in  the  verticals  corresponding  to  the  stresses  in  the  above  system  of  diagonals 
should  also  be  found.  The  loading  giving  the  maximum  stress  in  any  diagonal  gives  also  the 
maximum  stress  in  the  vertical  meeting  the  diagonal  at  the  upper  chord  point. 

Case  IV, — In  the  previous  case,  the  live  load  was  confined  to  one  span.  We  will  now 
assume  two  trains  on  the  bridge.  One  train,  which  covers  only  the  second  span,  is  a  uniform 
live  load.  The  other  train  headed  by  engines  is  just  coming  on  the  first  span  and  advances 
until  the  entire  bridge  is  covered. 

Maximum  Negative  Shear ^  or  Maximum  Tension  in  those  Diagonals  Inclining'  Downward 
toward  the  Left. — ^The  negative  shear  is  equal  to  the  loads  to  the  left  of  the  panel  in  question, 
minus  the  reaction,  J?,  •  For  reasons  similar  to  those  given  in  the  preceding  case,  the 
conditions  for  a  maximum  negative  shear  in  any  panel  are :  the  second  span  should  be  fully 
loaded,  and  the  first  span  should  be  loaded  from  the  left  end  to  the  panel  in  question.  The 
corresponding  maximum  stresses  in  the  verticals  should  be  found  in  this  case  also;  and  where 
the  same  one  is  treated  in  this  and  the  preceding  case,  the  greater  of  the  two  stresses  is  to 
be  taken.    The  actual  stress  in  any  web  member  is  found  as  in  the  previous  case. 

Maximum  Negative  Moment^  or  Maximum  Tension  in  the  Upper  Chord  and  Compression 
in  the  Lower  Chard. — ^The  second  span  should  be  fully  loaded,  for  all  centres  of  moments  in 

X 

the  first  span.    For  centres  of  moments  to  the  left  of  the  point  where  j  =  0.8,  no  loads  should 

be  in  the  first  span ;  and  for  centres  of  moments  to  the  right  of  this  point,  such  joints  should 
be  loaded  for  which  the  point  of  zero  moment  is  on  the  left  of  the  centre  of  moments  taken. 
These  positions  of  loads  follow  from  the  reasons  given  in  the  previous  case. 

As  previously  stated,  combine  Cases  III  and  IV  with  Case  I  or  II  to  obtain  the 
maximum  tension  or  compression  in  any  member.  It  might  here  be  argued,  that  when  the 
live  load  covers  the  first  span  only,  the  second  span  may  rise  until  the  right  end  is  lifted  from  its 
support.  This  happens  frequently  in  swing  bridges  where  the  ends  are  not  suflficiently  lifted, 
and  the  conditions  which  then  obtain  are  such  that  the  first  span  is  treated  as  an  independent 
span  for  live  load  stresses,  and  the  dead  load  stresses  are  the  same  as  for  Case  I.  In  no  case, 
however,  does  this  combination  give  any  greater  stresses  than  those  obtained  by  combining 
Cases  III  and  IV  with  Case  I  or  IL 

NUMERICAL  EXAMPLE. 

Let  us  take  a  bridge  of  twelve  panels.  Fig.  225,  with  ^  =  20  ft. ;  /  =  120  ft. ;  ^^  =  25  ft.,  and  gG  =  35  ft.j 
length  of  upper  chord  member  as  t'(2o)'  +  (2)*  &=  20.1  ft.    The  lengths  of  the  diagonals  are  as  follows ; 

aB^Bc^  32X>  dE  =  36.9 

bC^Cd^y^.t  eFss^Z.6    . 

€D «  35.3  fG  =  40.3 

The  dead  load  above  turn-table  or  weight  per  lineal  foot «/  =  5/—  50  +  400  =  1 550  lbs.  Dead  load  per 
truss  panel  =  ^f^  x  20  —  15,500  lbs.  The  live  load  will  be  taken  at  3000  lbs,  per  lineal  foot,  headed  by  two 
engine  excesses  of  20,000  lbs.  each  placed  two  panels  apart. 


SWING   BRIDGES. 


SIX 


Live  load  per  truss  panel  s  3o,ocx>  lbs. ;  live  load  excess  per  truss  panel  =  10,000  lbs. 

Case  I.  Bridge  swinging,  dead  load  only  acting, — Taking  two-thirds  of  a  panel  dead  load  as  applied  al 
the  lower  chord  points  and  one-third  at  the  upper,  the  joint  loads  for  b,  Cj  d^e,  and/ are  each  equal  to  10,300 
lbs.,  and  for  B,  C,  D,  E,  and  F  are  each  equal  to  5200  lbs.  The  load  at  a  will  be  taken  at  one  half  of  a 
panel  load.    (The  joint  load  a  may  be  considerably  more  than  this  in  some  cases,  owing  to  the  weight  ol 


Fig.  225. 

locking  gear,  etc).  The  stress  diagram,  Fig.  226,  is  then  constructed  by  drawing  first  the  diagram  for  joint 
a,  where  the  only  external  force  acting  is  the  half  panel  load,  then  passing  to  B,  b,  C,  r,  etc.  The  diagonals 
Be  and  G/are  not  in  action  in  this  case,  and  so  are  omitted.  For  a  check,  the  stress  in  fg  is  by  moments 
equal  to  [7750  x  120  +  15.500  (i  +2  +  3  +  4+5)  x  20]  -4-  35  =  160,000  lbs.  compression. 

The  dead  load  stresses,  as  scaled  from  the  diagram.  Fig.  226,  are  given  in  the  second  column  of  the 
table  of  stresses. 

Case  II.  Bridge  closed^  dead  load  only  actings  continuous  over  three  supports, — In  this  case,  the  loads 
at  a  and  n  need  not  be  considered,  as  they  are  carried  directly  to  the  supports.  The  other  joints  are  loaded 
as  in  the  previous  case.  Using  the  constants  for  reactions,  Art.  173,  we  have  for  this  span  ^1  =  (2135.4  — 
364.65)  X  15.5  =  say  +  27.500  lbs.  With  this  value  of  ^1  and  with  the  joint  loads  distributed  as  in  the 
previous  case,  the  diagram.  Fig.  227,  is  drawn.  For  a  check,  the  stress  in  fg  may  be  found  by  momenta. 
Thus, 

fg  s  {27,500  X  120  —  15,500  X  (I  +  3  +  3+  4  +  5)  ><  20}  -I-  35  ss  38,600  lbs. 
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Fig.  226. 

The  stresses,  as  scaled  from  the  diagram,  Fig.  227.  are  given  in  the  third  column  of  the  table  of  stresses. 

Case  III.  Live  load  on  one  arm  only,  for  maximum  compression  in  upper  chord  and  maximum  tension  in 
lower  chord;  also  maximum  web  stresses  from  end  toward  centre. 

Maximum  Chord  Stresses.  (Case  III.)— First  position  of  live  load:  engines  headed  toward  left;  30,000 
lbs.  at  ^,^,^,^,  and/,  with  engine  excess  10,000  lbs.  at  b  and  d.  Using  the  constants  for  reactions.  Art.  173, 
we  have 

A  =  ai35.4  X  30  +  (792.8  +  406.25)  X  10 1-  say  +  76,100 IbSi 
The  chord  stresses  are  now  readily  found  by  moments;  thus, 

ab  =s  76,100  X  20  -I-  25  =s  say  60,880  lbs.  tension. 

In  the  panel  be,  the  diagonal  Be  is  in  action,  since  both  live  and  dead  load  shears  in  this  panel  are 
laigely  positive.     Hence  the  stress  in  be  is  equal  to  that  in  ab  =  60.880  lbs.  tension. 
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The  centre  of  moments  for  BC  is  at  c. 

£C  ss\j6,ioo  X  2  —  40,000  X  l!  X  —  X  — ^  =s  83,500  lbs. 

27        20 

In  the  panel  cd  we  will  assume  cD  as  acting,  then  find  its  stress,  and  if  the  result  is  a  tensile  stress  our 
assumption  is  correct;  but  if  not,  then  Cd  must  be  in  action.  If  cD  is  in  tension,  then  the  chord  stress  CJ? 
must  be  greater  than  DE,    If  CD  is  less  than  or  equal  to  DE,  then  Cd  must  be  in  action. 

Assuming  cD  in  action,  then 

CD  =»  J?C  ={76.100  X  2  —  40,000  X  I }  X  --  X  — -  -B  83,500; 

27         30 

DE  aB  {76,100  X  3  —  40,000  X  2  —  30,000  X   1 1  X  —X  — ^  SBS  82P4a 

29         20 

As  CD  is  greater  than  Z7^,  then  cD  must  be  acting.  Also  from  Case  II  we  see  that  cD  is  in  tension  for  dead 
load ;  hence  our  assumption  that  cD  is  in  action  is  correct.  Therefore  the  stress  in  CD  =  stress  in  £C  s 
83,500  Um.    The  centre  of  moments  for  DE  and  cd  is  at  d. 

id^  {76^100  X  3—40,000  X  2  — 30,000  X  i(x  --  B  81,630 lbs.; 

DB^\     ••    xs—    **      xa—     ••     X  i(  x<«  X  —  «82P4olbs. 

The  stresses  in  de  and  EF  are  found  in  like  manner. 

For  the  members  ef  and  FG,  the  centre  of  moments  is  at/.    For  maximum  positive  moment  at  this 

point,  those  joints  should  be  loaded  for  which  the  value  of  y-  is  greater  than  |-.     From  the  diagram,  Fig. 

x%      5 
224,  we  see  that  y  >  g-  f or  values  of  k  greater  than  0.44 ;  hence,  for  point/,  the  joints  to  the  right  of  the 

point  where  k  s=  0.44  should  be  loaded.  This  includes  joints  d,  e,  and/.  If  the  bridge  under  consideration 
had  only  five  or  less  equal  panels  in  each  arm,  this  special  position  of  the  live  load  would  not  have  been 
necessary ;  and  it  will  be  shown  that  for  all  practical  purposes  this  disposition  of  the  live  load  can  be 
omitted  in  any  case  without  altering  the  required  sectional  area  in  any  member.  This  is  especially  true 
when  the  live  load  is  headed  by  heavy  engine  excesses.  However,  for  this  span  we  will  find  the  stresses  for 
</and  FG  when  only  ^,^,  and/ are  loaded,  and  compare  ihem  with  the  stresses  obtained  in  these  members 
from  the  second  position  of  the  live  load.  Loading  d,  e,  and/  with  30,000  lbs.  at  d,  e^  and /and  10,000  lbs. 
at  d  and/,  we  find 

Rx  as  {(406.25  +  240.75  +  «o3)  X  30  +  (406.25  +  103)  X  io{  s  +  27,590  lbs.; 
^-  j  27.590  X  5-(40,ooox  2  +  30,000  *  Ol  X  ^  -  -  16,940  - 

FG^\     •*       x5-(*     X2X     ••      xi)}x"x—     ■=+  17,020  •• 

Second  position  of  live  load;  engines  headed  toward  right;  30,000  lbs.  at  ^,r,  ^,^,  and /with  engine 
excess,  10,000  lbs.  at  d  and/. 

Rx  s  2135.4  X  30  +  (406.25  +  103)  X  10  K  +  69,150  lbs.; 

0f^  {69,150  X  5  —  (30,000  X  10  +  IQ.O0O  *  2)1  ^  33  "  •  '5.6<»  •• 

FG^\    **     x5  —  (     •*     X10+  10,000  X  2)1  X  "  X  -j^  «  +  15,680  " 

Furthermore,  these  stresses  when  combined  with  the  dead  load  stresses,  Case  II.  are  again  reduced,  leaving 
the  combined  stresses  very  small.  For  instance,  f/  becomes  —  15,600  +  12,700  =  —  2900  lbs.;  and  when 
joints  d,  /,  and/ only  are  loaded,  ^  becomes  —  16,940  +  12,700  =  —  4240  lbs. 
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Now»  as  a  matter  of  fact,  the  compression  in  e/  under  Case  IV  when  combined  with  Case  1,  really 
determines  the  sectional  area  of  the  member,  and  practically  it  maices  no  difference  whether  we  talce  the 
tension  in  e/  at  2900  lbs.  or  4240  lbs. 

Maxtmum  Web  Stresses,  (Case  III.) — Beginning  at  the  left  hand : — Maximum  compression  in  oB, 
50^000  lbs.  at  A  ^*  4  ^»  and/*  with  lOfico  lbs.  excesses  at  ^  and  d. 

A  SB  3135.4  X  50  +  (792-8  +  406.25)  X  10  M  say  -I-  76J00  lba.t 

«ff  «  76^100  X II K  4. 97,400  lbs. ; 

M  V  max.  panel  concentration  m «- 40^000  Iba. 

Maximnm  tension  in  Bt*    30^000  lbs.  at  a  A  ^»  and/,  with  io/xx>  lbs.  excesses  at  c  and  e^ 

JPi  m  {(21354  —  793*8)  X  30  +  (592.6  +  240.75)  X  io|  1-  +  48,610  lbs. 

X%  is  the  shear  hi  panel  3c  when  ^  Is  not  kwded.    This  shear  minus  the  vert.  comp.  in  BC  is  the  vert  comp. 
iaB^. 

^«  148,610-48.610x2x^X51^  J  x|2.=  - 53,020  lbs. 

Maximum  tension  in  Cd.  For  dead  load  cD  has  a  tension  of  9000  lbs.,  but  the  end  lift  may  be  excessive 
and  so  reduce  the  shear  in  this  panel  to  zero  for  dead  load,  thus  giving  the  maximum  tension  to  Of,  as  here 
found.    Then  with  30,000  lbs.  at  //,  e,  and/,  and  10,000  lbs.  at  ^/and/, 

j?!  ={(406.25  +  240.75  +  103)  x  30  4-  (406.25  4-  103)  X  io|  =  +  27,590  lbs. 

Any  stress  in  G/ must  be  accompanied  by  a  corresponding  difference  between  the  chord  stresses  i&C 
and  CD,  and  their  difference  is  a  measure  of  the  stress  in  CV/. 

Stress  in  CD  «■  (27,590  x  3)  x  — ^; 

29 


BC^( 


^     20.1 
X  2)  X ; 

?7 


Ca^iCD^BQx  ^. 

20kl 


Therefore,  we  may  write  at  once : 


Stress  in  Cd  tm  27,sgo(fy  —  ifr)  ^  33-6  «  —  27,790  lbs.,  and 

«     *•  CSp  ■■  stress  in  Cd  x  -^,  or 

33-6 

•     *•   Cp-27.59o(A-A)x  29= +23»99oIbs. 


Case  IV.  Uniform  live  load  covering  the  second  span, — A  train  comes  on  the  first  span  and  advances 
until  the  whole  bridge  is  covered. 

Maximum  Web  Stresses,  (Case  IV.) — Beginning  at  left 'hand  : — Maximum  tension  in  aB  and  maximum 
compression  in  dB,    40,000  lbs.  at  a,  second  span  fully  loaded. 

It  is  here  assumed  that  the  load  in  the  second  span  lifts  the  end  at  a,  owing  to  temperature  or  lacis  of 
fedjustment  in  raising  the  ends;  then  any  load  which  comes  on  at  a  holds  the  end  down. 

Ri  for  load  in  second  span  ==  —  364.65  x  30  =  —  10,940  lbs. 
Stress  in  aB  a  10,940  x  ||  ==  —  14,000  lbs. 
••      **  bB»     ••      xtf=  +  10,060  " 
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Maximum  tension  in  tC.    Jf^fioo  lbs.  at  ^»  second  span  fully  loaded. 

A  for  load  in  second  span  s  as  before  —  10,940  lbs.; 
i?i   ••     ••    at  ^ SB  792.8  X  40  s  +  31,710  lbs.; 
SRi «  +  31,710  —  iQ»94o  =  +  20,770  lbs. 
Shear  in  panel  be  a  20^770  —  40^000^  —  19,230  lbs. 

This  shear  plus  the  vert.  comp.  in  BC,  is  the  vert.  comp.  in  bC. 

)20i  I  2     )        %%  6 

19^230+20^770  X  -^  X  35;^  \  X  ^  S3  —  36,000  lbs.  I 

••      '^  Cpastresshi^x -rz;  therefore^ 


^^ 


Ce^  1 19,230+20^770 X  _  X  5^  J  X  5^-=  +  19,340 lbs. 


For  the  maximum  tension  in  cD  and  maximum  compression  in  Dd,  30,000  lbs.  at  b  and  40,000  at  r, 
second  span  fully  loaded.  In  this  manner  we  proceed  until  the  centre  is  reached,  the  second  span  remam- 
ing  fully  loaded  under  all  conditions. 

Maximum  Chord  Stresses.  (Case  IV.) — As  before,  the  second  span  is  fully  loaded  with  uniform  live 
load,  and  the  first  span  is  unloaded  for  all  centres  of  moments  except  at/  and^.  However,  if  we  assume  that 
the  load  in  the  second  span  lifts  the  end  at  a,  as  previously  explained,  then  any  load  which  comes  on  at  a 

CHORD  STRESSES. 


Dead  Load. 

Live  Load. 

Total. 

tX*flmf>^r 

JMUUWCI . 

Case  I. 

Case  II. 

Case  in. 

Case  IV. 

+ 

- 

BC 

-   6360 

-  29700 

J 

[-83500 

—  8800 

I I 3200 

15160 

CD 

—  23300 

-  29700 

- 

-83500 

—  16270 

113200 

39570 

DE 

-  49300 

-  24400 

- 

-  82040 

—  22750 

106440 

72050 

EP 

—  82700 

-  9500 

- 

-  61190 

—  28370 

70690 

1 1 1070 

FG 

—  I2IOOO 

—  12700 

- 

-  15680 

—  34860 

2980 

155860 

ab 

--   6360 
--  23300 

—  22300 

_—  60880 

-  8750 

15110 

83180 

be 

—  2&300 

»  60880 

-  16190 

39490 

83180 

ed 

--  49300 

^  24400 

—  81630 

-  22640 

71940 

106030 

de 

+  81900 

-  9500 

—  60890 

-  28230 

I 10 130 

-  70390 

ef 

--  120800 
--  160000 

-  -  12700 
-- 38600 

—  15600 

-34690 

155490 

2900 

fi 

000 

-  80360 

240360 

000 
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Dead  Load. 

Live  Load. 

ToUl. 

Member. 

CaseL 

CaseU. 

Case  m. 

Case  IV. 

+ 

- 

aB 

—  lOOOO 

+  35500 

+  97400 

—  14000 

132900 

24000 

bC 

—  28600 

000 

not  max. 

—  26600 

000 

54600 

cD 

—  46100 

—   9000 

«(   «< 

—  44480 

000 

90580 

dE 

—  61000 

—  27300 

«<   «( 

—  70140 

000 

131140 

eF 

-  74200 

—  43200 

«   <« 

—  98020 

000 

172220 

fo 

—  86900 

-  58300 

t«   <« 

—  126500 

000 

213400 

Be 

000 

—  10700 

—  53020 

not  max. 

000 

63720 

Cd 

000 

000 

-  27790 

«   (( 

000 

27790 

Bb 

- 

Y   12700 

—  10600 

—  40000 

-Y   10060 

22760 

50600 

Cc 

- 

-  27000 

-   5300 

+  23990 

not  max. 

50990 

000 

Dd 

- 

h  40500 

-  12700 

not  max. 

- 

-  34110 

74610 

000 

Ee 

- 

-  53000 

-  25900 

<(   t< 

- 

-  55100 

I08100 

000 

Ff 

- 

-  65200 

-  40300 

14     « 

- 

-  78750 

143950 

000 

Gg 

-  180000 

Y  108600 

•<     C« 

" 

-  210250 

390250 

000 
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holds  the  end  down.  Then  for  all  centres  of  moments  in  the  first  span,  except  at  /and ^»  we  will  assume  a 
Joadato. 

J?i  for  load  in  second  span  tm  as  before  —  10^940  lbs. 

The  load  at «  is  the  max.  panel  concen.  b  40^000  lbs.  Therefore  the  end  tends  to  lift  by  the  amount  of  the 
negative  reaction  from  load  in  the  second  span,  or  i?i=s  —  10^940  lbs.  This  value  of  ^1  is  used  for  all  centres 
of  moments  from  ^  to  /  inclusive. 

For  centre  of  moments  at  /» those  joints  should  be  loaded  for  which  the  point  of  zero  moment  lies  to 
the  left  of/»  i^,  joinU  ^  and  c.    With  50^000  lbs.  at  ^  and  40,000  lbs.  at  c,  we  have 

A  "1793.8  X  3D  +  593.6  X  40}  B  +  47,490 lbs.; 
Xi  from  load  in  second  span     b  —  10,940  **  . 

Sie,  s  +  36,550  •• 

The  stresses  In  4/ and  FG  are  then  found  with  this  value  of  i?,  s  +  36,550  lbs. 

For  centres  of  momenU  at^  or  6?  the  entire  bridge  must  be  loaded  with  the  engine  excesses  at  i/and/. 

J?i  from  load  in  first  span      ss  +  69,150  lbs.; 
i?,    •       «•     «  second  span  »  —  10,940  * 
Si?,  —69,150—  10,940  =s  +  58,210  •• 

Stress in^B 1 58,310  x  6— (30,000  x  15  +  10000x4)}  x  ffsa  4- 80,220 Ib& 

The  maximum  stresses  for  each  case  are  entered  in  the  table  of  stresses.  The  total  stresses  are  entered 
in  the  last  two  columns  of  the  table. 

In  all  of  the  foregoing  analysis  and  computations,  we  have  assumed  two  conditions  which 
are  extreme  but  not  impossible.  First,  we  have  assumed  two  trains  on  the  bridge  at  the 
same  time — a  condition  which  may  or  may  not  occur  in  the  lifetime  of  a  structure;  and  even 
then  the  positions  necessary  to  give  maximum  stresses,  as  previously  assumed,  may  not  occur. 
Again,  we  have  assumed  the  ends  insufficiently  raised,  so  as  to  permit  the  ends  to  "  hammer," 
as  it  is  called.  The  latter  condition  obtains  frequently  in  swing  bridges  where  the  proper 
lifting  of  the  ends  is  neglected.  In  practice  it  is  customary  to  assume  only  one  train  on  the 
bridge.  Then,  in  Case  IV,  we  assume  the  train  headed  by  engines  coming  on  one  end  of  the 
bridge  and  advancing  until  the  whole  bridge  is  covered.  As  the  train  comes  on  the  first  span 
and  advances  we  then  obtain  a  condition  for  maximum  web  stresses,  or  maximum  negative 
shear  at  the  head  of  the  train.  When  the  web  members  near  the  centre  of  the  bridge  are 
reached,  we  must  then  permit  the  train  to  advance  until  the  whole  bridge  is  covered  to  obtain 
maximum  web  stresses.  This  position  of  the  live  load  will  also  give  maximum  chord  stresses 
near  the  centre.    We  see,  then,  that  for  all  practical  purposes  it  is  never  necessary  to  find  the 

X 

distance  -p,  or  the  point  of  zero  moment  for  Cases  III  or  IV. 

It  is  also  customary  to  assume  that  the  ends  of  the  bridge  are  properly  raised  so  as  to 
preclude  the  possibility  of  their  "  hammering,"  even  under  extreme  conditions  of  temperature 
when  the  train  comes  on  the  bridge.  In  any  event,  however,  the  conditions  for  dead  load 
under  Cases  I  and  II  must  be  assumed. 

The  cases  to  be  considered  should  then  be  stated  as  follows: 

Case  I.  Bridge  swinging,  dead  load  only  acting. 

Case  II.  Bridge  closed,  ends  raised,  dead  load  only  acting,  continuous  over  three  supports. 

Case  III.  Live  load  on  one  arm  only,  for  maximum  tension  in  lower  chord  and  maximum 
compression  in  upper  chord,  also  maximum  web  stresses  from  end  towards  centre. 

Case  IV.  Live  load  on  both  arms,  for  maximum  tension  in  upper  chord  and  maximum 
rompression  in  lower  chord,  also  maximum  web  stresses  from  the  centre  towards  the  end. 

Cases  III  and  IV  to  be  combined  with  Case  I  or  II,  as  previously  explained. 
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174a.  Calculation  of  Stresses  for  Wheel  Concentrations.— While  the  methods  of  stress 
calculation  by  the  use  of  some  equivalent  uniform  load  or  a  uniform  load  and  one  or  two  excesses> 
as  illustrated  in  the  preceding  example,  give  results  as  accurate  as  are  warranted  by  the  approxi- 
mate formulae  for  reactions  and  by  the  actual  conditions  obtaining  in  a  swing  bridge,  it  is  often 
desirable  to  determine  maximum  stresses  for  the  actual  wheel-loads.  The  labor  involved  in  the 
use  of  such  method  is  not  so  great  as  might  at  first  appear,  and  by  the  use  of  influence  lines  the 
maximum  stresses  in  a  large  bridge  can  be  determined  in  a  few  hours.  The  methods  here 
explained  are  appUcable,  in  general,  to  all  kinds  of  bridges,  and  are  especially  useful  for  swing 
bridges,  arches,  and  cantilever  bridges. 

Construction  0}  Influence  Lines. — Whether  or  not  the  influence  lines  are  to  be  used  directly 
to  get  maximum  stresses,  construction  of  such  lines  is  a  great  aid  in  estimating  the  relative  effects 
of  loading  different  parts  of  the  structure,  and  shows  very  clearly  what  portions  should  be  loaded 
to  cause  the  maximum  stress. 

The  truss  of  Fig.  225  will  be  taken  as  an  example,  and  the  construction  of  influence  lines  for 
stresses  in  the  various  members  will  be  explained.  The  truss  is  shown  again  in  Fig.  228a.  The 
calculations  for  the  influence  line  for  moment  at  e  will  be  given.  They  involve  the  determination 
of  this  moment  for  a  load  unity  placed  successively  at  the  various  joints. 

For  a  load  unity  placed  at  b,  we  find  from  the  table  on  p.  205,  i?i  =  .793,  whence  M  =  .793X80 
—  1X60  =  3.4.  For  a  load  at  c,  i?i  =  .593,  M  =  . 593X80 —40  =7.4,  etc.  For  loads  on  the 
second  span  we  have,  for  load  at  A,  i?i=— .064,  M  =  — .064X80=  — 5.1,  etc.  The  resulting 
influence  line  is  the  line  a!e!'^em'  of  Fig.  228a.  The  other  influence  lines  are  calculated  in 
a  similar  manner.  All  are  shown  in  the  figure.  In  the  second  span  the  lines  are  lettered  to  corre- 
spond with  the  centre  of  moments  referred  to.  Note  that  for  moment  centre  at  /,  loads  at  b  and 
c  cause  negative  moments,  as  shown  on  p.  212.  For  purppses  of  refer  .ice  the  calculated  values 
of  the  ordinates  for  moments  at  e  and  /  are  here  given: 


Moment  ai  e. 

Unity  load  at.  •  •    b 
Ordinate 3.4 

c 

7-4 

d 
12,5 

e          / 
19.3       8.2 

Moment  at  /. 

Unity  load  at. . .    b 
Ordinate —  0.7 

c 

-0.7 

0.6 

/ 
4.1    10.3 

h  i     ■     j  k  I 

-S-i     -7.4     -7.5     -5.9     -3.2 


h  i  j  k  I 

-6.4     -9.3     -9.4     -7.4     -4.0 

• 

For  web  members  it  will  be  convenient  to  construct  the  influence  lines  for  the  vertical  com- 
ponents of  the  stresses.  Consider  now  only  those  diagonals  sloping  downward  towards  the  left. 
The  influence  Hne  for  any  diagonal,  as  dE,  will  also  serve  for  the  adjacent  vertical,  Ee,  since  the 
stresses  in  these  two  members  bear  a  fixed  ratio  to  one  another,  (Stress  in  £e=|?Xvert.  comp. 
dE.)  Influence  lines  are  therefore  drawn  for  the  vertical  components  in  the  several  diagonals 
shown.  They  are  given  in  Fig.  228a.  For  diagonals  Cd  and  Be  additional  lines  would  have  to 
be  drawn  assuming  cD  and  bC  not  acting,  but  they  are  omitted  here  to  avoid  confusion.  The 
calculations  for  the  line  for  dE  would  be  as  follows: 

For  load  at  6,  J?i  =  .793.  The  chords  intersect  11. 5  panel  lengths  to  the  left  of  a,  whence, 
applying  the  method  explained  in  Art.   83a,  we  have 

vert.  comp.  (/£=(.793Xii. 5-1X12.5) -ri4.s--.233, 

the  minus  sign  in  this  rase  denoting  tensile  stress.    Similarly  for  loads  at  c  and  d*    For  load  at 
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e  or  /  we  have  simply,  vert.  comp.  dE  =  (R^  X  11.5)  -^  14.5  (compression).  For  loads  on 
the  second  span  the  stresses  are  all  compressive  and  proportional  to  the  values  of  i?i.  Calculated 
ordinates  for  members  dE  and  fG  are  herewith  given. 

Vertical  Component  in  dE. 

Unity  load  Sit .        b  c  d  e  }  h  i  j  k  I 

Vert  comp.  rf£    —'ass   —.46     —.68       .19         .08  —.05     —.07     —.07     —.06     —.03 

Vertical  Component  in  }G. 

Unity  load  at. .      b  c  d  e  }  h  i  j  k  I 

Vert  comp.  jG  —.21      —.41      —.60     —.77     —'93  —.04     —.06     —.06     —-05      —.03 

In  Fig.  228(Z  the  member  jG  is  the  only  one  for  which  the  influence  line  is  drawn  for  loads 
on  the  second  span.  This  is  the  only  member  for  which  this  span  would  be  loaded  unless  two 
trains  are  assumed  on  the  bridge.     The  efifect  of  loads  on  the  second  span  is  evidently  very  small. 

The  construction  of  influence  lines  may  be  facilitated  greatly  by  a  systematic  arrangement 
of  the  computations  and  by  a  study  of  the  laws  of  variation  of  the  values.  It  will  be  noted,  for 
example,  that  for  loads  in  the  second  span  the  ordinates  for  moments  are  proportional  to  the  dis- 
tance of  the  centre  of  moments  from  a,  that  is,  the  several  curves  divide  the  ordinates  to  the  curve 
g^jmf  into  five  equal  parts.  Likewise  on  the  left  the  ordinate  ff^  is  divided  into  five  equal  parts 
by  the  several  curves,  the  ordinate  efef'  into  four  parts,  etc. 

Cdkulation  0}  Stresses  from  Influence  Lines. — If  the  influence  lines  are  to  be  used  directly 
for  stress  calculation,  they  should  be  drawn  on  accurate  cross-section  paper,  then  the  given  wheel- 
loads  laid  off  to  the  same  horizontal  scale  on  a  strip  of  the  same  cross-section  paper.  On  this 
strip  should  be  drawn  circles  indicating  relative  weights  of  wheels,  and  the  weight  of  each  wheel 
should  be  written  in  the  circle.  To  get  any  desired  moment  or  w^b  stress  for  any  given  position 
of  the  loads,  place  this  strip  in  the  given  position  on  the  base  line  of  the  influence  Hne,  read  off  the 
ordinate  above  each  load,  and  sum  the  products  of  the  loads  times  ordinates.  Two  or  three  trials 
will  usually  serve  to  determine  the  maximum  value  of  a  moment  or  stress.  The  principle  stated 
in  Art.  90,  that  maximum  values  are  caused  only  when  a  load  is  placed  under  a  convex  point 
on  the  curve,  will  aid  in  selecting  the  proper  position  of  loads.  The  similarity  of  the  influence  lines 
to  those  for  simple  bridges  will  also  aid  in  finding  this  position.  The  calculations  can  be  shortened 
by  dividing  the  loads  into  convenient  groups,  then  read  off  the  ordinate  above  the  centre  of  gravity 
of  such  group,  and  multiply  by  the  total  weight.  Only  those  wheels  under  a  single  straight  seg- 
ment of  the  influence  hne  can  be  so  grouped. 

The  accuracy  of  this  method  of  computation  is  much  greater  than  that  of  ordinary  graphical 
methods.  Errors  are  compensating  rather  than  cumulative.  If  the  Unes  are  drawn  to  such  a 
scale  that  the  larger  ordinates  are  two  or  three  inches  in  length,  results  may  easily  he  obtained  within 
one  per  cent,  of  the  correct  values. 

The  actual  calculation  by  the  authors,  of  the  moment  at  e  for  Cooper's  -E-50  loading  was  as 
follows: 

Try  wheel  5  at  e^  train  headed  to  the  right.  Moment=i2.sX7+iooXiS+32.5X(is.4-|-ii.8) 
-f- 12.5X9-3+ 100X5.7+65X1.3  =  3240  thousands  of  foot-pounds.  Loads  are  stated  first  and 
ordinates  last.  The  grouping  of  the  loads  will  be  obvious  on  inspection.  The  result  for 
wheel  6  at  ^  was  3230,  and  for  wheel  4  at  ^  was  3120.  The  maximum  moment  is  therefore  324a 
The  exact  value  calculated  by  algebraic  methods  is  3250. 
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In  a  similar  way  the  maximum  moment  at  /  was  found  by  two  trials  to  be  1090  for  wheel 
3  at  /.    The  exact  value  is  1080. 

The  negative  moments  at  e  and  /  due  to  loads  on  the  second  span  can  be  found  in  the  same 
way.  The  correct  position  of  the  load  is  not  so  apparent  as  for  loads  on  the  first  span,  so  that  more 
trials  will  usually  be  necessary. 

For  the  maximum  vertical  component  in  dE  wheel  3  was  placed  at  d.  Vertical  component 
=  i2.5X.io+5o(.57  +  .59)  +  65X.38+i2.5X.2o+5oX.o8=9o.4.  The  exact  value  is  90.7.  For 
}G  place  wheel  3  at  /.  The  resulting  value  is  195.  The  stress  in  jG  was  also  obtained  with  bridge 
fully  loaded  and  train  headed  to  the  left.  Wheel  13  at  /  gave  a  value  of  198,  the  desired  maxi- 
mum.   The  exact  value  is  199.3. 

Calculation  of  Stresses  by  Panel  Concentrations. — The  influence  lines  may  be  used  for  esti- 
mating the  proper  position  of  loads  for  maximum  stress  and  then  this  stress  may  be  exactly 
determined  by  calculating  the  actual  panel  concentrations  by  eq.  (8),  p.  96,  illustrated  on  p.  106. 

The  influence  Hne  for  moment  at  e  is  very  similar  to  that  for  moment  in  a  simple  bridge,  of 
span  agj  but  it  approximates  still  closer  to  the  influence  line  for  moment  in  a  bridge  of  span  bg, 
as  shown  by  dotted  lines  6V  and  e^'g^.  The  position  of  loads  will  therefore  be  estimated  by 
finding  the  position  for  maximum  moment  at  ^  in  a  loo-foot-span  bridge.  This  is  found  by  the 
usual  criterion  to  be  with  wheel  5  at  e.  With  this  position  of  loads  the  panel  concentrations  are 
then  calculated  by  eq.  (8),  p.  96,  and  found  to  be  as  follows:  Pb  =  (>6.0j  Pc=^6g.T,  Pd^Si-Sy  Pe  = 
76.2,  and  P/=48.2.  The  moment  will  then  be  found  by  multilpying  these  loads  by  the  corre- 
sponding ordinates  given  on  p.  216  and  summing  the  products.  The  moment  is  therefore  equal 
to  66.0X3.4+69,7X7.4+51.5X12.5+76.2X19.3  +  48.2X8.2  =  3250. 

Other  positions  may  be  tried,  but  the  one  selected  in  this  manner  will  usually  be  the  correct 
one.  as  it  is  in  this  case. 

For  the  moment  at  /  note  that  the  influence  line  approximates  to  that  for  moment  at  /  in  a 
beam  of  span  dg.  For  such  moment  the  position  for  a  maximum  is  found  to  be  with  wheel  3 
at  /,  a  correct  conclusion.    The  moment  is  found  to  be  equal  to  1080. 

For  the  stress  in  dE  the  influence  line  suggests  that  the  same  position  of  loads  will  give  a 
maximum  as  for  negative  shear  in  the  panel  de  oi  a,  truss  ag.  This  requires  wheel  3  at  rf,. which 
is  correct.  The  panel  concentrations  are  calculated  and  multiplied  by  the  ordinates  given  for 
dE  on  p.  218.  The  result  is  a  value  of  90.7.  For  }G,  train  headed  towards  the  right  and  wheel  3 
at  7,  the  vame  is  194.3;  with  train  headed  towards  the  left  wheel  13  should  be  placed  at  /.  The 
panel  concentrations  on  the  second  span  may  all  be  taken  equal  to  a  panel  of  uniform  load  = 
2.5X20=50.    The  resulting  value  for  vert.  comp.  in  jG  is  then  equal  to  199.3. 

Equivalent  Unijorm  Load  Method, — The  influence  lines  may  also  be  used  to  estimate  the 
proper  value  of  an  equivalent  uniform  load  if  it  is  desired  to  use  that  method  of  calculation. 

For  moment  at  e  select  the  equivalent  uniform  load  for  moments  in  a  loo-foot  span.  For 
Cooper's  -E-50  loading  this  is  given  on  p.  113  as  3370  lbs.  per  foot.  The  panel  load  will  then  be 
3.37X20=67.4.  The  moment  at  e,  using  the  values  of  the  ordinates  given  on  p.  216,  is  equal 
to  67.4(3.4+ 7.4+ 12.5+ 19.3  +  8.2)  =  3425,  as  compared  to  3250  found  by  actual  panel  concen- 
trations. 

For  moment  at  /  use  the  equivalent  load  for  a  60-foot  span,  =  3700  lbs.  per  foot.  Panel  load 
=  74.0  and  moment  =  74(0.6+4.1 -F  10.3)  =  mo,  compared  to  1080  by  panel  concentrations. 

For  stress  in  dE  take  the  equivalent  load  for  an  80-foot  span,  as  explained  in  Art.  112.  This 
equals  3470  lbs.  The  resulting  value  for  dE  is  95.2,  compared  to  the  exact  value  of  90.7.  For 
jG  use  equivalent  load  for  120- foot  span,  =3280  lbs.  Also  load  second  span  with  the  uniform 
load  of  2500  lbs.  per  foot.     The  resulting  value  is  202.7,  compared  to  the  exact  value  of  199.3. 
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I7S  RIm-bearing  Turn-table— Four  Supports.— Fig.  228.— The  most  common 
method  of  8wing»bridge  construction  provides  two  supports  at  the  centre,  thus  dividing  the 
truss  into  three  spans.  The  bracing  of  the 
short  central  span  is  usually  arranged  as  in  Fig, 
228.  It  is  thus  capable  of  resisting  shear,  and 
the  continuity  of  the  truss  is  complete. 

With  some  writers  it  has  been  customary 
to  apply  to  this  form  of  truss  the  formulae  for  a  F^°-  *2®- 

continuous  beam  of  four  supports — formulae  based  on  the  assumption  of  uniform  moment  of 
inertia  and  on  a  neglect  of  deflection  due  to  shearing  stresses.  These  formulae  give  results 
closely  approximate  for  beams  and  long-span  trusses,  and  fairly  good  results  for  two-span 
swing-bridges ;  but  their  application  to  trusses  of  such  short  spans  as  are  here  considered  leads 
to  very  erroneous  conclusions.  With  only  one  span  loaded  large  negative  reactions  are 
obtained  at  B  or  C^  reactions  much  greater  than  ever  really  occur,  and  which  greatly  exceed 
the  dead-load  positive  reactions.  To  furnish  these  negative  reactions  some  form  of  anchorage 
would  have  to  be  provided  at  B  and  d  a  thing  quite  impracticable  in  a  swing-bridge. 

The  true  stresses  in  the  diagonals  EC  and  FB^  caused  by  partial  loads,  and  their  effect  on 
reactions,  may  be  estimated  in  the  following  manner  :*  Assume  first  that  these  diagonals  are 
removed  and  one  span,  as  AB^  loaded.  The  reactions  and  stresses  are  now  to  be  computed 
by  treating  the  bridge  as  a  two-span  bridge,  or,  more  accurately,  by  the  formula  of  Art.  176. 
Calculate  then  by  the  method  explained  in  Chap.  XV  the  deflection  of  the  point  E  in  tAe direc- 
tion CE.  Now  if  the  diagonal  CE  had  been  in  place  its  elongation  could  not  have  exceeded  this 
movement  of  E.  If  the  diagonal  be  small  its  elongation  may  be  assumed  equal  to  this  deflec- 
tion, and  the  stress  per  square  inch  computed  which  would  result  therefrom.  If  the  diagonal 
be  large  it  would  have  the  effect  of  reducing  somewhat  the  movement  of  E,  and  therefore 
would  have  a  smaller  stress  per  square  inch  than  a  small  diagonal.  To  the  total  stress  as  deter- 
mined above  should  be  added  the  initial  tension  due  to  adjustment.  The  reaction  at  C  will 
then  be  equal  to  the  stress  in  FC^  minus  the  vertical  component  of  the  diagonal  stress.  Com- 
putations for  two  structures  gave  in  one  case  a  stress  of  800  lbs.  per  sq.  in.  in  the  diagonal, 
and  in  the  other  case  1800  lbs.  per  sq.  in.,  the  diagonals  in  both  cases  being  very  small. 
Increasing  the  area  in  the  latter  case  to  12  sq.  in.,  the  size  actually  used,  reduced  the  stress 
per  square  inch  to  looo  lbs.,  thus  giving  a  total  stress  of  12,000  lbs.  The  stress  in  FC  was 
18,000  lbs.  and  the  resulting  reaction  therefore  about  8000  lbs.,  positive,  neglecting  initial 
tension.  The  formulae  for  a  four-span  continuous  girder  would  give  a  negative  reaction 
of  about  200,000  lbs.  and  a  diagonal  stress  somewhat  greater.  The  diagonals  were  apparently 
designed  for  this  stress. 

The  above  discussion  indicates  that  the  effect  of  bracing  in  the  centre  span  is  small,  and 
in  the  computations  of  stresses  this  bracing  can  be  entirely  neglected  and  the  truss  treated  as 
as  in  Art.  176,  or  approximately  as  a  two-span  bridge.  Since  the  purpose  of  this  bracing  is 
merely  to  stiffen  the  structure  when  open,  small  members  should  be  used.  Large  ones  cause  a 
more  unequal  distribution  of  load  on  the  rollers,  and  should  be  avoided. 

176.  Rim-bearing  Turn-table;  Four  Supports;  Equal  Moments  at  the  Centre 
Supports. — Fig.  229. — In  this  the  rigid  frame  EFBC  supports  the  truss  by  means  of  the  short 

links  EG  and  FH,  The  portion  BC  of  the 
frame  is  a  part  of  the  lower  chord  of  the  bridge  ; 
in  other  respects  the  frame  may  be  considered 
a  part  of  the  pier.  There  being  no  diagonals 
in  the  panel  EFHG^  there  can  be  no  shear 
fto-  «^  transmitted  across  this  panel,  and  the  moments 

*  Or  they  may  be  accurately  found  by  the  theory  of  redundant  members  explained  in  Chap.  XV. 
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at  N  and  G  must  be  equal.  The  structure  may  then  be  considered  a  three-span  continuous 
girder,  in  which  the  moments  at  the  two  centre  supports  are  always  equal. 

Now  if  the  first  and  third  spans  be  each  loaded  with  a  single  load,  P,  placed  symmetri- 
cally with  reference  to  the  centre,  the  moments  at  the  second  and  third  supports  will  be  equal 
to  those  which  would  occur  in  an  ordinary  continuous  girder  of  three  spans,  if  loaded  in  the 
same  way,  for  in  the  latter  case  M^  and  M^  would  be  equal  by  symmetry  and  therefore  the 
shear  zero  in  the  second  span. 

Also  these  moments  Af^  and  M^  are  now  each  produced  equally  by  the  two  loads,  hence 
the  moments  due  to  one  load  will  be  one-half  of  those  due  to  both.  Assuming,  then,  a  load 
P  on  the  first  and  third  spans  and  noting  that  M^=z  M^^  we  have  from  eq.  (9),  p.  204, 


if,  =  if,  =  - 


PI 


2/  +  3/. 


'\f^  ~~*  ic^i»     •     •     •     •     • 


•  (17) 


If  now  the  load  be  removed  from  the  third  span,  the  moments  for  a  single  load  will  be 


M,  =  M,=  - 


pr 


4/  +  6/. 


(k  -  £•). 


(18) 


We  also  have 


M,  =  R^X  I-  P{1-  kl) 


and 


M,  =  RJ  =  M, , 


whence  by  solving  for  R,  and  R,  and  substituting  for  M,  its  value  in  eq.  (1 8),  we  have 


R 


.  =  ^l^-^-17T6A^^-^'^} ^ 


19) 


and 


^--^{iTT^^^*--^} 


(20) 


Using  eqs.  (19)  and  (20)  in  getting  the  reactions  due  to  the  various  panel  loads,  the 
analysis  is  otherwise  precisely  the  same  as  for  a  two-span  bridge,  Art.  174. 

The  two  links  G£  and  HF  are  to  be  treated  as  posts  of  the  web  system.  The  maximum 
stress  in  Gff  is  equal  to  the  maximum  in  LBCK,  The  stresses  in  EB  and  FC  are  equal 
respectively  to  those  in  GE  and  HF.  The  pieces  EF^  EC,  and  ^-F receive  no  definite  stress; 
they  serve  merely  to  afford  stability  to  the  columns  EB  and  FC. 

The  analysis  of  the  case  where  light  diagonals  are  inserted  in  the  panel  GHBC  sufficient 
only  to  give  stability  to  the  bridge  when  open  is  the  same  as  for  the  preceding  case. 

177.  Rim-bearing  Turn-table ;  Three  Supports. — In  this  the  single  link  GP  carries 
the  load  at  the  centre  to  the  rigid  frame  Pgh. 
The  length  of  the  panel  gh  is  made  equal  to  the 
width  of  the  truss  in  order  that  the  weight  upon 
the  turn-table  may  be  uniformly  distributed.  The 
length  of  the  other  panels  in  the  lower  chord  is  Fig*  230. 

independent  of  gh^     The  analysis  is  precisely  the  same  as  for  a  simple  two-span  continuous 
girder. 
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Example. — Find  the  maximum  stresses  in  all  the  members  of  the  truss  in  Fig.  230.  Length  ag^  120  ft. ; 
^h  =  18  ft.;  ho  =  120  ft. ;  height  at  B  and  iV  =  24  ft.,  and  at  (J  =  36  ft.  Total  dead  load  =  1650  lbs.  per  foot. 
Take  for  the  live  load  the  equivalent  uniform  load  for  a  span  of  150  ft.    (See  Chap.  VI.) 

The  span  lengths  to  be  considered  are  120  +  9  =  129  ft.  each. 

The  stresses  due  to  dead  load  when  the  bridge  is  open  are  found  by  diagram  as  before. 


Joint. 

korJ^. 

J?i  for  Pm  X. 

^ 

.155 

k.8o8 

€ 

.310 

-.620 

d 

.465 

-.444 

9 

.6ao 

-  .284 

f 

.775 

-.148 

i    . 

.775 

-  .079 

k 

.620 

-.094 

i 

.465 

—  .092 

m 

.310 

—  .070 

n 

•155 

—  .038 

When  the  bridge  is  closed  and  ends  raised  it  is  a  continuous  girder  of  two  spans  of  129  ft.  each,  under 
dead  or  live  loads.  The  various  values  oi  k  or  k'  for  the  different  joints,  together  with  the  corresponding 
values  of  R\  as  found  from  the  diagram  Fig.  224,  are  given  here.  The  student  is  left  to  complete  the 
analysis. 

177a.  Rim-bearing  Turn-table ;  Four  Supports. — Equal  Moments  at  the  Centre  Sufi- 
farts;  also^  Equal  Loads  on  the  Turn-table  spaced  at  Equal  Distances, — Fig.  231. — In  this  the* 
two  triangular  frames  BHC  and  CID  support  the  truss  by  means  of  the  short  links  FH  and 
GI.     The  portions  BC  and  CD  of  the  frames  are  a  part  of  the  lower  chord  of  the  bridge. 
The  point  C  is  common  to  both  frames.    The  inclinations  of  the  members  BH^  HC^  CI^  and 


Fig.  831. 

ID  is  such  that  under  maximum  loads  at  H  and  /  the  supports  B^  C,  and  D  are  equally  loaded. 
This  arrangement  brings  the  weight  on  the  turn-table  uniformly  distributed  over  six  points. 
These  points  can  be  spaced  equal  distances  apart  on  the  turn-table.  Under  all  conditions,  the 
moments  at  the  two  centre  supports  -Fand  G  are  always  equal.  The  analysis  will  then  be  the 
same  as  in  Art.  176.  However,  in  all  cases  of  this  kind,  where  the  centre  span  is  short  as 
compared  with  the  side  spans,  it  is  customary  in  the  computations  to  assume  the  centre 
span  left  out.    The  bridge  then  becomes  a  swing  bridge  with  two  equal  spans,  as  in  Art.  174. 
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Lift  Swing  Bridges. 

Various  devices  have  been  suggested  whereby  the  bridge  may  be  made  continuous  when 
being  opened  and  be  two  simple  spans  when  ^      f       ^ 

closed.  Fig.  231  {a)  shows  a  form  in  which, 
when  the  bridge  is  to  be  swung,  the  supports 
at  B  and  C  are  lifted  far  enough  to  bring  the 
links  £F  and  F(?  into  action  and  to  raise  the  Fig.  331  (a>, 

ends  A  and  D  from  their  supports.  All  the  weight  is  then  at  the  centre  and  the  bridge  is 
j-wung  on  a  centre-bearing  pivot.  When  closed,  and  the  supports  B  and  C  lowered,  the  h'nks 
EF  and  FG  are  under  no  stress.  The  analysis  then  consists  in  finding  the  dead  load  stresses 
when  open,  as  in  the  other  forms,  and  the  dead  and  live  load  stresses  when  closed,  the  bridge 
then  consisting  of  two  simple  spans. 

178.  Wind  Stresses. — The  analysis  for  the  stresses  in  the  laterals,  forming  the  web 
systems  of  the  wind  trusses,  is  carried  on  precisely  as  for  the  vertical  or  main  trusses.  If  the 
bridge  to  be  considered  is  a  through  bridge,  the  top  lateral  wind  loads  must  be  considered  as 
being  transmitted  to  the  supports  through  bending  in  the  web  members.  The  routes  which 
they  select  in  any  case  will  be  such  that  the  internal  work  done  in  producing  strain  will  be  a 
minimum.     The  conditions  to  be  considered  are  then : 

Top  Laterals : 

Case    I.     Bridge  swinging.     Static  wind  pressure  only. 

''    II.     Bridge  closed.     Ends  raised.     Static  wind  pressure  only. 


Bottom  Laterals: 

Case     I.     Bridge  swinging.     Static  wind  pressure  only. 
**     II.     Bridge  closed.     Ends  raised.     Static  wind  pressure  only. 
"  III.     Bridge  closed.     Live  load  on  one  arm  only. 
"  IV.     Bridge  closed.     Live  load  on  both  arms. 

Combine  Cases  III  and  IV  with  II,  or  consider  I  or  II  alone. 

For  Cases  I  and  II,  when  considered  alone,  it  is  customary  to  assume  wind  pressures  of 
30  and  50  lbs.  per  square  foot  respectively.  When  the  train  comes  on  the  bridge,  a  wind 
pressure  of  50  lbs.  would  overturn  the  cars;  so  that  for  Cases  II,  III,  and  IV,  when  combined 
as  previously  explained,  a  wind  pressure  of  30  lbs.  per  square  foot  is  assumed,  w^ich  is  about 
the  maximum  wind  pressure  that  will  not  overturn  a  standard  box  car  when  fully  loaded.  It 
is  easy  to  see  that  in  some  bridges  Cases  I  and  II,  when  considered  alone,  might  give  a  maxi- 
mum in  some  of  the  members. 

The  chord  stresses,  resulting  from  wind  loads,  should  be  considered  where  they  increase 
the  chord  stresses  in  the  main  trusses. 

1780^  Accuracy  of  the  Ordinary  Formulae  for  Swing-bridges.* — On  p.  220  it  was  noted 
that  there  is  an  error  in  the  ordinary  formulae  due  to  assuming  a  constant  value  for  the 
moment  of  inertia  and  to  the  neglect  of  the  shearing  distortion,  and  it  was  shown  that  this 
error  is  very  great  in  the  case  there  discussed.  It  is  also  important  to  know  what  this  error  is 
in  the  usual  case  of  the  two-span  bridge,  or  the  three-span  bridge  with  small  diagonals  or  no 
diagonals  in  the  centre  panel. 

After  the  sections  of  a  bridge  have  been  determined  from  calculations  based  on  the 
ordinary  formulae,  or  on  other  approximate  methods,  the  reactions  can  then  be  very 
accurately  determined  by  the  method  of  deflections  explained  below.    If  too  great  an  error 


*  This  article  added  in  Sixth  Edition.     The  student  may  have  to  skip  ihe  discussion,  reading  onlj  the  con- 
clusions on  p.  225,  until  after  Chapter  XV  has  been  read. 
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b  found,  the  sections  can  be  corrected  accordingly.  This  would  change  the  reactions  slightly, 
but  not  enough  to  aflfect  seriously  the  stresses.  In  fact,  the  reactions  as  found  by  the 
formulae  will  usually  be  accurate  enough. 

We  will  consider  first  a  bridge  of  two  equal  spans  and  assume  the  bridge  fully  loaded. 
The  reactions  are  determined  as  follows:  Assume  first  the  bridge  loaded  with  the  given  load 

and  supported  only  at  the  centre,  both  arms  deflecting  equally.     Determine  the  deflection  of 

Put 
the  end  point  by  the  formula*    D  =  ^p—f  in  which  D  =  deflection  of  the  end  point ;  P= 

stress  in  any  member  due  to  the  assumed  load ;  u  =  stress  in  the  same  member  due  to  a  load 
of  one  pound  applied  at  the  end  ;  /=  length  of  member;  £  =  modulus  of  elasticity;  and  a  = 
area  of  cross-section  of  the  member. 

Now  find  in  the  same  way  the  upward  deflection  of  the  end  point  due  to  a  load  of  I  lb. 
applied  upwards  at  the  end.  The  stress  in  each  member  due  to  this  load,  and  which  corre- 
fponds  to  P  in  the  above  formula,  will  be  »,  the  value  of  which  is  already  known.    This 

upward  deflection  will  then  be  ^=  ^'p''     '^^^  necessary  reaction  to  produce  an  upward  de- 

D 
flection  equal  to  Z7,  or  to  bring  the  end  back  to  normal  position,  will  be  i?  s=  -t* 

Pul         «V 
For  a  symmetrical  truss  symmetrically  loaded  it  is  necessary  to  sum  the  terms  tt-  and  -p- 

for  one  half  the  truss  only.'     For  symmetrical  trusses  unsymmetrically  loaded  we  can  first 

assume  symmetrical  loads  and  determine  the  corresponding  reactions;  then  from  these  get  the 

reactions  for  the  unsymmetrical  loading  by  use  of  the  principle  that  the  moment  at  the  centre 

due  to  a  load  on  one  span  is  one  half  the  moment  due  to  two  such  loads  symmetrically  placed. 

Thus  let  M -=•  centre  moment  for  full  load,  and  M'  =  centre  moment  for  one  span  only 

M 
loaded,  =  — .     If  R  and  R!  are  the  corresponding  reactions,  L  =  span  length,  and  2-ftj  = 

Summation  of  moments  of  the  loads  on  one  span  about  the  centre,  we  have 

M=iRL-2Pa,    and    M'^R'L-SPai 


M  R      — 

and  since  M*  =  — ,  there  follows  -^  ^  T  "^"^T* 

^Pa 
Now,  since  — ^  is  independent  of  any  errors  in  reactions,  the  actual  error  in  R!  must  be 

one  half  that  in  R,     That   is,  the  error  in  reaction  due  to  the  use  of  the  formula  is  twice  as 

great  for  bridge  fully  loaded  as  for  one  span  only  loaded.     As  these  two  cases  determine  the 

maximum  stresses  in  nearly  all  the  members,  it  will  not  usually  be  necessary  to  determine  true 

reactions  for  other  partial  loads.    However,  if  thought  desirable,  the  reactions  can  be  found  for 

each  panel  load  and  the  results  combined  to  form  influence  lines.   The  additional  labor  involved 

is  not  so  great  as  would  seem  to  be  the  case,  for  many  of  the  terms  involving  P  disappear. 

Pul  u^l 

For  a  bridge  of  unequal  spans  it  is  necessary  to  sum  the  terms  ^-p-  and  -2-^  for  all 

members  of  the  bridge.  In  this  case  it  is  convenient  to  assume  the  truss  supported  at  the 
centre  and  at  one  end  and  determine  the  deflections  and  reaction  at  the  other. 

The  foregoing  method  is  applicable  not  only  to  a  two-span  bridge  but  also  to  a  three- 
span  bridge  in  which  the  web  members  are  omitted  in  the  centre  span  or  panel ;  for,  assun)ing 
such  a  truss  supported  at  the  centre,  or  at  the  centre  and  at  one  end,  the  stresses  due  to  any 
ioad  are  fully  determinate. 

To  get  some  notion  of  the  accuracy  of  the  ordinary  formulas,  reactions  have  been  com- 


*  See  p.  252  for  a  demonstration  of  ibis  formula. 
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^uted  tor  several  cases  by  the  above  method  and  also  by  the  use  of  the  formulas ;  the  results 
are  given  below.  In  every  case  a  load  of  unity  per  lineal  foot  extending  over  the  entire 
bridge  has  been  assumed.     The  following  bridges  have  been  treated :     ^ 

{A)  The  Winona  Bridge,  a  description  of  which  will  be  found  in  Engineerings  News,  Vol, 
XXVI,  1 89 1,  p.  370.  This  bridge  is  similar  in  form  to  Fig.  229.  Each  span  consists  of  seven 
30-ft.  panels;  the  centre  panel  is  20  ft.  long,  centre  height  50  ft.^  and  end  height  25  ft. 

{B)  A  series  of  designs  with  the  half-truss  containing  6,  5,  4,  3,  and  2  panels  successively. 
The  general  dimensions  of  these  trusses  were  chosen  by  taking  a  corresponding  number  of 
panels  of  the  Winona  Bridge.  Cross-sections  of  members  were  properly  determined  from 
stresses  due  to  certain  assumed  dead  and  live  loads.  In  each  of  these  cases  computations 
were  made  for  trusses  with  and  without  a  central  panel. 

(C)  The  Milwaukee  drawbridge  of  the  C,  M.  &  St.  P.  Ry.,  which  is  described  in  the 
Engineering  and  Building  Record^  Vol.  XVI,  1887,  p.  747.  This  is  of  the  form  shown  in 
Fig.  230.  Each  span  has  five  18. 5  ft. -panels;  the  centre  panel  is  18  feet  long,  centre  height 
34  ft.,  and  height  at  second  panel-point  from  end  of  20.4  feet. 

The  results  of  these  computations  are  given  in  the  following  table : 


W) 


ifi) 


(O. 


'6  panels. 

5 

4 

3 

2 


« 
«« 


Reactions.                                    1 

True. 

By  Form. 

ProB 
Cbocdi. 

(«i) 

(^1) 

(«•) 

(^ 

64.3 

65.9 

64.3 

67.4 

52.9 

55-7 

57.7 

53.1 

56.3 

44*1 

45.8 

47.0 

42.0 

44-7 

34.7 

35. a 

36.1 

30.9 

33.1 

25-3 

34-3 

25.2 

20.0 

32.1 

14.7 

II. 8 

11.9 

9.4 

It.O 

8.5 

26.0 

.... 

29.0 

.... 

S0.7 

Columns  headed  {a)  are  the  reactions  for  the  several  trusses  with  the  central  panel 
omitted,  while  columns  headed  {b)  are  the  reactions  for  the  trusses  having  this  panel.  The 
column  headed  "  Reactions  from  Chords  **  contains  the  reactions  as  determined  by  deflec- 
tions, but  in  the  computation  of  which  the  chord  members  are  alone  considered.  These  have 
been  figured  only  for  trusses  without  centre  panel,  and  should  therefore  be  compared  with 
columns  {a).  These  reactions  are  the  same  as  would  be  found  by  the  use  of  formulas  which 
take  strict  account  of  the  variation  nf  the  moment  of  inertia  of  the  truss. 

The  principal  points  brought  out  by  this  table  are: 

First  J  the  comparatively  close  agreement  between  the  true  reactions  and  those  found  by  the 
ordinary  formula. 

Second^  the  fact  that  the  formula  taking  account  of  the  central  panel  give  results  usually 
more  accurate  for  these  cases  than  the  formulce  which  neglect  this  panel  {compare  columns  {a^ 
and  (* J  with  (*,)). 

Thirds  that  the  reactions  found  by  treating  chords  only  are  in  every  case  much  more  in  error 
than  those  found  by  the  ordinary  formula. 

No  attempt  has  been  made  to  determine  the  law  of  variation  of  the  error  in  the  ordinary 
formulae.  Such  a  generalization  would  be  very  difficult  to  make,  and  in  view  of  the  ease  with 
which  the  reactions  for  any  particular  case  can  be  checked,  it  would  be  unprofitable  as  well 

Temperature  Effects. 

A  very  important  question,  and  one  of  especial  significance  when  discussing  the  accuracy 
of  working  formulae  is  that  of  the  effect  of  a  variation  of  temperature  between  different 
members  of  a  swing-bridge.  The  effect  on  reactions  of  any  given  difference  of  temperature 
can  very  quickly  be  found  from  our  previous  computations. 

Let  /  =  change  of  temperature  of  any  member;  c  =  coefficient  of  expansion,  =  .0000065 
per  I**  F. ;  /  =  length  of  member.  Then  ^//—  total  change  of  length  of  any  member.  The 
deflection  of  the  end  of  the  truss  due  to  the  change  of  length  of  this  member  will  be  uctl^ 
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where  u  is  the  same  as  in  our  previous  work,  and  for  a  change  of  temperature  of  any  number 
of  members  the  deflection  will  be 

Dt  =  2uctL 

The  reaction  necessary  to  produce  a  like  deflection,  or  the  reaction  produced  by  the  assumed 
temperature  changes,  will  be 

i^  =  f. (7) 

in  which  d,  =  deflection  due  to  a  one-pound  load,  as  before.  For  example,  suppose  the  lower 
chord  of  the  Winona  Bridge  to  drop  in  temperature  i®  F.  In  this  case  ^//  for  each  member 
s=:  .00234  and  2u  =  20,  whence 

•047 
^  =  -«+7,    and    jei  =  ^3333^  =  1400  lbs.. 

a  very  lai^e  auiount  for  a  change  of  temperature  of  only  I^  Considering  a  possible  difference 
of  temperature  of  30**  or  even  more,  the  great  effect  of  this  element  can  be  appreciated.  The 
effect  is  so  great  as  to  evidently  render  much  refinement  in  calculation  entirely  useless,  and  to 
indicate  that  ^Ae  ordinary  formul(Z  are  accurate  enough  for  all  ordinary  cases. 


CANTiLBVER  ££IJ>G£S. 


CHAPTER   XIIL 

CANTILEVER   BRIDGES. 


179.  General  Considerations.— The  first  cantilever  bridge  built  in  America  was  tlie 
Kentuclcy  River  bridge,  by  C  Slialer  Smith,  built  in  1876-7.    A  sketch  of  this  bridge  is  shown 


Kentaehj)  River  Bridge 
Fig.  333. 

in  Fig.  233.    The  bridge  is  continuous  from  E  to  F,  and  at  these  points  are  hung  the  ends  of 
two  simple  trusses  AE  and  FD. 

Since  this  bridge  was  constructed  several  very  large  cantilever  bridges'  have  been  built 
in  America  and  elsewhere,  notably  the  great  Forth  bridge,  Fig.  233,  the  Niagara  bridge.  Fig. 
235,  the  Poughkeepsie,  Red  Rock,  Memphis,  and  others.     In  the  Niagara  bridge  the  suspended 


span  DE  is  hung  from  the  ends  of  two  double  cantilevers,  AD  and  £/r,each  of  which  has  two 
points  of  support,  one  at  the  abutment  (not  shown  in  the  figure)  and  one  at  the  pier.  There 
being  no  diagonals  in  the  panels  over  the  piers,  the  trusses  are  free  to  turn  at  those  points  as  if 
supported  on  a  single  pin.  Fig.  234  is  a  form  of  bridge  proposed  by  C.  B.  Bender,*  as  being 
far  more  economical  than  the  Forth  bridge  as  built  The  suspended  span  consists  of  a  three- 
hinged  arch  A  CB ;  the  arm  BD,  Fig.  233,  is  replaced  here  by  the  back-stay  EF  for  anchor- 
age, and  the  roadway  is  supported  on  iron  trestle-work,  the  span  BD  being  a  land  span. 

Fig.  236  shows  another  form,  suitable,  however,  only  for  short  spans. 

The  chief  advantage  of  the  cantilever  bridge  over  a  single  span  bridge  is  in  being  able  to 
erect  the  overhanging  arms  and  the  suspended  span  without  the  use  of  false  work.    Tn  the 


*  "  PriociDlei  of  Economv  in  the  Deiigo  of  Meiallic  Bridf^." 


V  Vcrk,  John  Wiley  &  Son*. 
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Niagara  bridge,  for  example,  the  erection  is  carried  on  from  each  pier  to  the  centre,  at  least  three 
of  the  four  pieces,  DK^  LM^  ENy  and  OP^  connecting  the  suspended  span  to  the  cantilever, 
being  provided  with  adjustable  wedges  during  erection.  When  connection  is  made  at  the  centre, 
these  wedges  are  taken  out  and  the  central  span  swings  free  on  the  hangers  DM dind  £0,  except 


as  to  being  prevented  from  longitudinal  vibration  by  the  single  remaining  piece  or  a  similar 
device  holding  it  to  one  of  the  cantilevers.  Where  a  series  of  cantilever  spans  are  constructed, 
each  alternate  span  can  thus  be  erected  without  falsework.  Other  than  this,  the  cantilever 
possesses  no  advantage  over  discontinuous  spans  except  perhaps  for  veiy  long  spans. 


^BI^ 


Fig.  236. 

For  economy  the  suspended  span  should  be. made  about  four-tenths  of  the  total  opening. 
However,  the  longer  this  span,  compared  to  the  total  span,  the  less  will  be  the  deflection,  which 
is  quite  an  important  consideration.  Thus  the  maximum  vertical  movement  of  the  hinge  £ 
in  the  Niagara  bridge  under  the  test  load  was  about  9  in.,  and  of  the  point  £  in  the 
Kentucky  River  bridge  was  only  3^  in.  The  Eighteenth  Street  via3uct  in  St.  Louis,  of  the 
form  of  Fig.  236,  vibrates  excessively  under  the  lightest  loads. 
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♦  Fig.  237. 

Fig.  237  is  a  proposed  form  of  bridge  for  a  long  series  of  equal  spans  where  erection  is 
difficult.     It  can  be  erected  entirely  without  falsework. 

Fig.  237  {a)  shows  a  bridge  proposed  for  the  English  Channel,  designed  by  Messrs. 


Fig.  237a, 

Schneider  &  Co.  and   H.   Hersent,  Sir  John   Fowler  and  Sir  Benjamin  Baker  consulting 
engineers. 

180.  Analysis. — Dead  Load  Stresses. — The  stresses  in  the  suspended  span  are  found  in 
the  same  way  as  for  any  single  span  truss.     In  both  forms  of  cantilevers,  EFy  Fig.  232,  and 


CANTILEVER  BRIDGES. 


22q 


EHy  Fig.  235,  there  are  but  two  supports;  hence  the  reactions  due  to  any  load  are  readily 
found.  These  being  known,  the  moment  and  shear  at  any  section  can  be  found,  and  thence 
the  stresses.  Where  double  systems  of  web  members  are  used,  each  load  is  assumed  to  be 
carried  by  the  system  to  which  it  belongs.  At  points  of  connection  between  the  two  systems, 
the  lo^ds  applied  to  the  truss  may  be  considered  as  equally  divided  between  the  systems. 

Live  Load  Stresses, — Cantilever  bridges  being  used  mainly  for  long  spans,  double  systems 
::f  web  members  are  quite  generally  adopted  for  the  sake  of  economy.  It  has  been  shown  in 
Chap.  V  that  with  double  systems  in  single  span  bridges  it  is  impracticable  to  use  the  exact 
wheel  load  method  in  computing  stresses,  and  that  some  conventional  method,  such  as  an 
equivalent  uniform  load,  or  a  uniform  load  with  one  or  two  excesses,  should  be  used  instead. 
It  is  still  more  difficult  to  apply  the  wheel  load  method  to  cantilever  bridges  with  double  sys- 
tems, and  hence  the  following  discussion  will  treat  mainly  of  uniform  loads,  with  or  without 
excess  loads. 

In  finding  the  proper  positions  of  live  load  for  maximum  stresses  in  the  various  members,* 
it  will  be  useful  to  draw  the  influence  lines  for  moment  and  shear  in  a  single  intersection 
cantilever  of  the  type  shown  in  Fig.  232.     Fig.  238  shows  such  a  truss. 

1st.  Manunt  al  G. — Fig.  {a). — ^A  load  unity  at  E  causes  a  negative  reaction  at  C  equal  to 


Fig.  238. 

J,  and  hence  a  negative  moment  at  G  equal  to  -r-*,  which  is  laid  off  as  E'e'  in  Fig.  {a).    As  the 

•  > 

load  moves  to  D  or  F,  the  moment  at  G  decreases  uniformly  to  zero  and  the  influence  line  for 

this  portion  is  E'e'L/.     As  the  load  moves  from  D  to  G^  the  moment  increases  from  zero  to  a 
value  of  — ^—j at  G ;  beyond  G  the  moment  decreases  again,  becoming  zero  when  the  load 

is  at  C  then  y(/,  —  x)  when  at  B^  and  finally  zero  for  load  at  A.    Since  the  ratio  of  e'E  to 

g'G'  is  equal  to  j~^ — ,  it  follows  that  g'D*e'  is  a  straight  line.    Similarly,  g'C'V  is  a  straight  line- 
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The  influence  line  shows  that  for  a  maximum  positive  moment  at  G  the  span  CD  should 
alone  be  loaded,  and  that  for  a  maximum  negative  moment  the  spans  AC  and  DF  should  be 
loaded.  A  single  excess  in  the  two  cases  should  be  placed  at  Gy  and  at  -£"  or  ^  according  as 
i?V  or  B'b'  is  the  larger.  A  second  excess  a  fixed  distance  from  the  first  should  be  placed  in 
each  case  on  the  longer  segment  of  the  span  from  the  first  excess. 

2d.  Shear  in  the  panel  GH,—¥{g,  {b), — The  portion  D"h"g"C"  is  the  same  as  for  a  discontin- 

uous  span.    Between  D  and  F  the  shear  in  GH  is  equal  to  the  reaction  at  C  caused  by  the  load, 

/^ 
and  is  negative,  having  a  value  of  j  for  unit  load  at  E.    When  the  load  is  between  A  and  C 

the  shear  is  positive  and  equal  to  the  negative  reaction  at/?.  As  before,  the  lines  V^C'*g^'  and 
K'D"e"  are  straight  lines.  The  position  of  loads  for  a  maximum  positive  or  negative  shear  is 
evident  from  the  diagram.  If  full  joint  loads  only  are  considered,  then  for  maximum  positive 
shear,  for  example,  all  joints  from  H  X,o  D  \n  span  CD^  and  span  AC^  should  be  fully  loaded. 

3d.  Moment  at  L — Fig.  {c\ — For  loads  on  EF^  the  load  given  over  at  £,  and  hence  the 
negative  moment  at  /,  varies  directly  with  the  distance  of  the  load  from  F,  The  moment  at 
/  when  the  load  is  at  /,  is  zero.  Hence  the  influence  line  is  r"e'"F"\  in  which  E'"^"  =l  X  Jr' 
The  condition  for  maximum  moment  is  the  same  as  for  moment  at  £  in  a  discontinuous 
truss  whose  span  is  equal  ro  IF, 

4th.  Shear  in  the  pane c  DL — As  the  load  moves  from  Fx.o  E  the  positive  shear  increases 
uniformly  from  zero  to  a  value  equal  to  unity  with  unit  load  at  E.  The  shear  then  remains 
constant  until  the  load  passes  /,  then  decreases  to  zero  as  the  load  reaches  the  next  panel 
point  to  the  left  (not  the  abutment,  necessarily).     The  position  for  a  maximum  is  evident. 

The  foregoing  influence  lines  show  in  a  general  way  the  positions  of  loads,  whether  uni- 
form, or  uniform  with  one  or  two  excesses.  If  exact  methods  are  desired  for  a  .single  inter- 
section truss,  the  conditions  for  maxima  can  be  readily  written  out  from  the  influence  lines 
Thus  for  maximum  positive  moment  at  C,  if  G^, ,  (J,,  C,,  and  G^  are  the  sums  of  the  loads 
on  ABy  BGy  GE^  and  -ff-F  respectively,  we  have  at  once  the  condition  that 

G,  tan  or,  +  G%  tan  a.  —  G^  tan  or,  •—  G^  tan  a^ 

must  pass  through  zero  by  passing  from  positive  to  negative  as  the  loads  are  moved  to  the 
left.     The  values  of  the  tangents  of  the  angles  are  readily  substituted  in  any  case. 

The  influence  lines  for  moments  and  shears  in  the  shore  arm  GH,  Fig.  235,  are  the  same  as 
those  for  the  span  CD  above  considered,  except  that  the  portion  to  the  right  of  Z?  does  not  exist. 

The  position  of  the  load  having  been  found  in  any  case,  the  reactions  and  stresses  are 
found  as  for  dead  load. 

181.  Example.  Indiana  and  Kentucky  Bridge. — Fig.  239. — The  span  lengths  CD  and 
DE  are  given  only  approximately. 


>3^wy>&o<^ 


-mf- 


Indiana  atui  Kentucky  Bridge 
Fig.  239. 

Dead  Load  Stresses, — The  stresses  in  the  span  CD  due  to  loads  between  L  and  D  are 
found  as  in  Art.  78,  Chap.  IV. 

To  find  the  stresses  in  CD  due  to  loads  on  AC  and  DF,  first  compute  one  of  the  abut- 
ment reactions  at  C  or  D,  and  the  moment  at  this  abutment.  Then  the  shear  just  to  the  right 
of  C,  for  example,  is  equal  to  the  reaction  at  C,  minus  the  loads  on  BC.  This  shear  is  constant 
from  C  to  Df  the  loads  on  CD  not  being  considered,  and  may  be  assumed  to  be  equally 


CANTILEVER  BRIDGES.  231 

divided  between  the  two  web  members  cut  by  any  section.  The  web  stresses  due  to  exterior 
loads  are  thus  all  equal.  \{  AC\^  symmetrical  to  DF,  then  these  web  stresses  are  zero.*  Since 
the  horizontal  components  of  the  stresses  in  ATA^and  LM^  for  example,  are  equal  and  opposite 
in  direction,  the  stresses  in  KL  and  MN  are  equal  and  may  be  found  by  taking  moments 
about  o  of  the  forces  between  section  pq  and  the  section  p'q'  just  to  the  right  of  C  The 
only  forces  acting  on  the  left  of  /^,  besides  the  stresses  in  KL  and  MNy  are  the  moment  and 
shear  at  p'q'  which  are  already  known.  This  moment  being  due  to  a  couple,  its  value  at  o  is 
the  same  as  at  pqy  and  adding  the  moment  of  the  shear  about  o  we  have  the  total  moment  to 
be  resisted  by  KL  and  MN. 

The  stresses  in  the  arm  DE  due  to  loads  on  that  arm,  other  than  the  loads  at  P  and  i?, 
are  found  as  in  Art.  78,  Chap.  IV ;  that  is,  by  considering  the  web  systems  independent  and 
all  the  load  applied  at  the  main  panel  points,  U^  F,  etc.,  the  loads  at  W,  X,  etc.,  being  con- 
sidered as  carried  to  the  points  Uy  V,  etc.,  by  separate  small  trusses  C/wVy  etc.  The  stresses 
in  these  small  trusses  are  added  to  the  stresses  in  those  main  members  which  coincide  with 
the  members  of  the  small  trusses. 

The  stresses  in  PQsind  PR  are  found  from  the  load  at  P,  which  is  one-half  the  weight 
of  the  truss  £F.  The  vertical  component  of  the  stress  in  PR  together  with  the  load  at  R 
may  be  assumed  to  be  divided  equally  between  the  two  web  members  ZR  and  QR.  The 
stresses  in  the  remaining  members  are  then  found  by  separating  the  systems  and  proceeding 
in  the  ordinary  manner. 

Live  Load  Stresses, — For  the  maximum  positive  moments  in  span  CD  this  span  should  be 
fully  loaded.  If  a  uniform  load  is  used,  the  stresses  are  found  in  the  same  way  as  for  dead 
load.  If  an  excess  load  is  used,  the  position  of  such  load  for  maximum  stress  is  to  be  found. 
For  piece  ATZ,  the  centre  of  moments  for  one  web  system  is  at  M,  and  for  the  other  is  at  N. 
The  excess  load  should  be  at  that  one  of  these  points  nearest  the  centre  of  the  span,  the  sub- 
vertical  oO  not  being  considered  in  finding  upper  chord  stresses.  If  a  second  excess  is 
employed,  it  should  be  on  the  longer  segment  of  the  span  from  the  first. 

The  position  of  loads  being  known,  the  stress  in  KL  is  found  by  assuming  independent 
systems  and  neglecting  the  sub-verticals,  or  treating  them  as  parts  of  trussed  beams,  simply 
transferring  the  intermediate  panel  loads  to  the  main  panel  points.  For  the  member  MN, 
any  single  excess  should  be  placed  at  O,  for  the  tension  in  MN  is  due  both  to  the  main  truss 
and  to  the  truss  MoN,  A  second  excess  should  be  placed  on  the  longer  segment  of  the  span 
from  O.  The  stress  in  MN  due  to  the  main  truss  is  found  by  considering  the  systems  inde- 
pendent, one-half  the  load  at  O  going  to  iWand  one-half  to  N.  To  this  stress  is  added  the 
stress  from  the  truss  MoN,  with  excess  at  O. 

For  the  maximum  negative  moments  in  CD,  the  spans  AC  and  DF  sltc  loaded,  with  one 
excess  at  B  or  £,  and  the  other  (if  used)  outside  or  inside  these  points  according  as  the 
suspended  spans  are  longer  or  shorter  than  the  cantilevers.  The  chord  stresses  in  CD  are 
found  as  for  dead  load. 

For  the  maximum  tension  in  Ko  and  compression  in  Ko'y  the  span  AC  should  be  fully 
loaded  and  CD  loaded  from  O  to  D,  One-half  the  load  at  O  goes  to  N,  and  one-half  to  M 
and  into  the  other  system.  Considering  all  loads  to  the  right  of  A^as  applied  at  the  main 
panel  points,  the  vertical  components  in  Ko  and  Ko'  due  to  loads  on  CD  are  equal  to  the  shear 
in  panel  N'N  ol  the  system  to  which  these  members  belong.  The  stresses  in  A'^c?  and  Ko'  due 
to  loads  on  AC'is  found  as  for  exterior  dead  load.  Any  excess  should  be  placed  either  at  B 
or  N,  whichever  will  give  the  greater  stress  as  may  be  found  by  trial.  It  will  usually  be  at  N, 
since  if  at  B  its  effect  is  divided  between  Ko  and  oM.  For  the  piece  oN  the  interior  loading 
should  extend  from  N  to  D,  since  a  load  at  O  will  cause  a  greater  compression  in  oN^  due  to 
truss  MoNihdin  tension  due  to  the  additional  one-half  panel  load  at  N.  The  excess  if  on  CD 
should  be  at  N.     For  maximum  compression  in  f?WV panel  points  0'  to  D  inclusive  should 
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be  loaded,  for  the  load  at  Cy  causes  a  compression  in  o'N'  as  part  of  the  truss  iVV^f  which  is 
greater  than  the  tension  in  o^N'  due  to  the  additional  half  load  at  N\  The  excess  should  be 
at  N.  The  stresses  in  oN ^nd  o'N^  due  to  loads  on  -4 Care  the  same  as  that  in  Ko.  Stresses 
due  to  negative  shear  in  the  span  CD  are  found  in  a  similar  way,  the  span  DF  dLtid  the  portion 
of  CD  to  the  left  of  the  members  in  question  being  loaded. 

For  maximum  negative  moments  in  the  arm  DE,  the  span  DF  may  be  considered  fully 
loaded,  since  the  loads  to  the  left  of  the  centre  of  moments  have  no  efifect.  Any  single  ex- 
cess should  be  placed  at  E ;  and  if  a  second  excess  is  employed,  it  should  be  placed  to  the 
right  or  left  according  as  EF  or  ED  is  the  longer.     The  stresses  are  found  as  for  dead  load. 

The  web  stresses  in  DE  are  also  found  as  for  dead  load.  The  excess,  if  any,  should  be 
placed  as  for  positive  shear  in  CD. 

182.  Wind  Stresses. — Wind  pressure  is  carried  to  the  abutments  by  means  of  horizontal 
lateral  bracing  arranged  in  the  same  way  as  the  main  vertical  trusses.  The  wind  stresses  are 
then  found  in  a  way  precisely  similar  to  that  explained  in  the  preceding  articles. 
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CHAPTER  XIV. 


ARCH  BRIDGES. 


GENERAL  PRINCIPLES, 

183.  Arches  of  metal  may  consist  of  curved  beams  with  solid  webs  and  flanges,  or  they 
may  be  curved  trusses  with  upper  and  lower  chords  and  web  members,  either  riveted  or  pin- 
connected 

With  reference  to  the  ordinary  modes  of  support  arches  may  be — 

1st.  Hinged  at  the  abutments  and  at  the  crown. 

2d.  Hinged  at  the  abutments  and  continuous  throughout. 

3d.  Fixed  rigidly  to  the  abutments  and  continuous  throughout. 

In  the  first  case  the  arch  consists  of  two  separate  framed  structures,  and  the  reactions 
and  stresses  can  be  found  by  ordinary  methods  of  statics.  In  the  other  cases,  however,  the 
reactions  depend  not  only  upon  the  loads  but  also  upon  the  form  and  material  of  the  arch. 
In  finding  these  reactions  the  arch  will  in  all  cases  be  treated  as  a  simple  curved  beam  with  a 
constant  or  variable  moment  of  inertia  as  the  case  may  be.  (By  a  curved  beam  is  meant  one 
which  has  a  curved  form  in  its  natural  or  unstrained  condition.)  All  loads  will  be  treated  as 
vertical  The  general  method  of  treatment  is  the  same  as 
that  employed  by  Prof.  Greene  in  his  **  Trusses  and  Arches," 
Part  III, and  by  Prof.  DuBois  in  his  "  Framed  Structures." 

184.  Relation  between  the  Equilibrium  Polygon 
and  the  Stresses  at  any  Section  of  an  Arch.— Let  AB 
Fig.  240,  be  an  arch  of  two  hinges,  with  loads  P^j  P^,  and  a 
/\.  Each  abutment  reaction  will  have  a  horizontal  com- 
ponent and  a  vertical  component.  From  2  hor.  comp. 
=  o  we  know  that  these  horizontal  components  are  equal. 
Suppose    that    in    some  way  these  abutment    reactions 

have  been   found,   the   force  diagram,  o  i  2  3  4  5  6  o»  ^^^ 

drawn^  and  also  the  corresponding  equilibrium  polygon 
AbcdB.     Notice  that  here  in  the  case  of  an  arch,  the  equal  ^^^'  ^^' 

and  opposite  forces  //,  and  H^  are  not  imaginary,  as  was  the  case  for  the  rigid  frames  treated 
of  in  Chapter  II. 

According  to  the  principles  of  Chap.  II,  Art.  28,  any  segment,  be,  of  the  equilibrium  poly, 
gon  is  the  line  of  action  of  the  resultant  of  all  the  forces,  H^,  F, ,  and  P, ,  to  the  left  (or  right), 
this  resultant  being  given  in  amount  and  direction  by  the  ray,  0-3,  in  the  force  polygon  to 
which  the  segment  is  parallel.  The  stresses  at  any  section  of  the  arch,  therefore,  between  the 
.oads  P^  and  P,  are  the  same  as  would  result  if  /T, ,  F, ,  and  P,  were  replaced  by  a  single  force 
0-3  applied  in  the  line  be.  Fig.  241  represents  a  portion  of 
the  arch  of  Fig.  240,  to  the  left  of  such  a  section.  The  force 
0-3,  =  R,  applied  in  the  line  be,  is  in  equilibrium  with  the 
stresses  at  the  section.  These  stresses  may  be  considered 
^  consisting  of  a  uniformly  distributed  direct  stress  or  thrus^ 
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T,  in  the  direction  of  the  tangent  at  N^  a  shear  S,  at  right  angles  to   7",  and  a  bending 
moment  M.     If  a  is  the  angle  between  R  and  the  tangent  at  N^  we  have 


R  cos  a=:  T 


(0 


and 


R  sin  a  —  S. 


(2) 


Also,  taking  centre  of  moments  at  N,  the  centre  of  gravity  of  the  cross-section,  we  have,  from 
Figs.  240  and  241, 


I/jg  =  M, 


(3) 


where  H  is  the  pole  distance  and  s  is  the  vertical  intercept  from  the  equilibrium  polygon  to 
the  centre  of  moments.  Thus  the  thrust,  shear,  and  moment  at  any  section  are  readily  found 
after  the  equilibrium  polygon  is  once  drawn. 

In  a  solid  beam  the  fibre  stresses  result  directly  from  the  above  equations.  In  a  braced 
arch,  however,  Fig.  242,  the  stresses  in  the  members  cut  by  any  section  are  more  readily  found 
by  the  ordinary  methods.  Thus  the  stress  in  AB  is  equal  to  the  moment  of  iJ  about  C, 
divided  by  the  lever  arm  of  AB,  =  /fe'  -r-  d.  Likewise  the  stress  in  DC  =  Hz"  -r-  d.  The 
component  of  the  stress  in  AC  normal  to  the  arch  is  equal  to  the  shear,  =  R  sin  a.     If  the 


Fig.  243. 


Fig.  243. 


chords  AB  and  DC  are  not  parallel,  then  the  stress  in  AC  is  found  by  getting  the  moment  of 
^  about  the  intersection  of  AB  and  Z?C,  and  dividing  by  the  lever  arm  of  AC  In  a  built 
beam,  Fig.  243,  in  which  the  direct  stress  and  moment  are  taken  entirely  by  the  flanges 
and  the  shear  by  the  web,  the  stress  in  flange  A  is  equal  to  //>'  -=-  d,  and  in  B  is  equal  to 
//]sr"  -7-  d.     The  shear  is  as  before  equal  to  R  sin  a. 

m 

In  Chap.  II  it  has  been  shown  that  for  a  given  system  of  loads  an  infinite  number  of 
equilibrium  polygons  can  be  drawn  by  assuming  various  amounts  and  directions  for  one  of 
the  reactions ;  that  is,  by  assuming  various  poles.  But  by  Art.  42,  Chap.  II,  three  points 
determine  an  equilibrium  polygon  ;  hence  if  we  have  given,  besides  the  loads,  three  points 
through  which  the  polygon  must  pass,  or  three  equations  of  condition  which  will  determine 
three  points,  the  equilibrium  polygon  is  at  once  determined,  and  the  true  reactions  and  stresses 
may  thence  be  found.  The  three  points  required,  or  the  necessary  condition  equations,  for 
the  three  kinds  of  arches  will  be  deduced  in  what  follows.  It  will  be  sufficient  for  our  pur- 
poses to  consider  but  a  single  load,  that  is,  our  polygon  will  consist  of  but  two  segments. 
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ARCH  OF  THREE   HINGES. 

185.  The  Equilibrium  Polygon. — Fig.  244. — In  this  case  we  know  that  since  the  arch 
is  free  to  turn  at  A^  B,  and  C,  the  moments  at  these 
points  must  be  zero ;  hence  the  polygon  passes  through 
these  points,  and  to  draw  it  we  need  only  produce  BC  to 
the  load  vertical  at  k  and  join  Ai. 

186.  Position  of  Loads  for  a  Maximum  Stress  in 
any  Member. — Let  pq,  Fig.  245,  be  any  section  cutting 
three  members  of  a  braced  arch  of  three  hinges,  A,  B, 
and  C.  The  centre  of  moments  for  DE  is  G,  and  a  load 
at  i,  the  intersection  of  BC  and  AG,  will  cause  no  stress 
in  VE,  since  the  line  AG  is  the  line  of  action  of  the  abut- 
ment reaction  at  A,  the  only  external  force  on  the  left  of 
the  section.  For  loads  between  k  and  B  the  reaction  line 
Ai  will  lie  below  G,  passing  through  C  for  loads  on  CB. 
The  moment  of  the  reaction  at  A,  about  G,  will  then  be 
negative  and  cause  tension  in  DE.  For  loads  between  i  and  G,  inclusive,  the  reaction  line 
Ak  lies  above  G,  and  there  is  then  compression  in  DE.    For  loads  between  D  and  A  the  only 


Fig.  244. 


Fig.  245. 


force  on  the  ri^/it  of  the  section  is  the  reaction  at  B  which  acts  in  the  line  BC,  thus  causing 
compression  in  DE.  Therefore  for  a  maximum  tension  in  DE  the  load  should  extend  from 
k  to  By  and  for  maximum  compression  it  should  extend  from  A  to  k.  The  loads  are  usually 
taken  as  uniformly  distributed,  and  are  applied  at  joints,  or  at  intervals  along  the  upper  flange 
in  the  case  of  the  flanged  beam. 

The  centre  of  moments  for  FG  is  at  D,  and  from  considerations  similar  to  the  preceding, ' 
it  is  found  that  the  maximum  tension  and  the  maximum  compression  in  this  member  occur 
when  the  load  extends  to  the  left  and  right,  respectively,  of  k\ 

For  the  web  member  DG  draw  Ak'^  parallel  to  DE  and  FG  if  these  members  are  parallel, 
or  to  their  intersection  if  not  parallel.  For  all  loads  between  G  and  B  the  reaction  line  at  A 
lies  above  Ai'\  since  this  reaction  line  never  passes  below  C.  Hence  the  component  of  the 
reaction  perpendicular  to  Ai'^  in  case  of  parallel  chords,  or  the  moment  of  the  reaction  about 
the  intersection  of  DE,  FG,  and  Ak^'  in  case  of  non-parallel  chords,  produces  tension  in  the 
member  DG.  For  loads  from  D  to  A  the  right  reaction  acting  in  the  line  BC  causes  compres- 
sion in  Z?C  Hence  for  maximum  tension  in  Z^G^,- 6^^  should  be  loaded,  and  for  maximum 
compression  DA  should  be  loaded.  If  Ak"  should  pass  to  the  left  of  C,  then  all  loads  between 
it«  ^tersection  with  BC,  and  B,  would  cause  compression  in  DG. 

In  the  case  of  a  built  beam  the  centres  of  moments  are  taken  as  in  Art.  184,  and  in  find- 
ing the  loading  fov  maximum  shear,  the  line  corresponding  to  ^Xr"  is  drawn  parallel  to  the 
flan^jes  at  the  section  considered. 
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187.  Computation  of  Stresses. — The  position  of  the  loading  producing  the  maximum 

stress  in  any  member  having  been  found  according 
to  the  previous  article,   the   equilibrium  polygon 
may  be  constructed  for  the  entire  system  of  loads 
Vt    according  to  the  method  of  Art.  42,  Chap.  II,  and 
"h"^^    the  stress  in  the  member  found  as  in  Art.  184.     Or 
"^      the  reactions  and  stresses  may  be  found  analytically. 
^'^'  ^^'  If  c  is  the  half-span.  Fig.  246,  r  the  rise,  and  b  the 

distance  of  any  load  P  from  the  centre  Cy  measured  positively  towards  the  right,  we  have 


r.  =  />: 


fi-b 


2C 


and     V, 


*  *  2C 


(4) 


By  tciking  centre  of  moments  at  Cand  treating  the  structure  AC,  we  have  for  loads  on  CB, 


Hr  =  V^, 


whence 


H=Vr^I^ 


-* 


zr 


is) 


Stmilarlyy  for  loads  on  AC 'wc  have 


(5tf) 


The  components  of  the  reactions  can  thus  be  computed  for  each  joint  load  and  the  results 
added.  The  reactions  being  known,  the  stresses  can  be  found  by  the  ordinary  method  of 
moments. 


CURVED  BEAMS. 

188.  Deflection  of  a  Curved  Beam. — Before  proceeding  further  it  will  be  necessary  to 
investigate  the  general  case  of  the  deflection  of  a  beam,  the  beam  to  be  of  any  shape,  and 
acted  upon  by  forces  all  lying  in  the  same  plane.  The  following  discussion  is  taken  mainly 
from  Prof.  Church's  "  Mechanics  of  Engineering,"  pp.  444-9. 

Let  ABy  Fig.  247,  be  any  portion  of  such  a  beam  in  its  unstrained  form.    Suppose  now 

that  under  the  action  of  certain  forces  the  beam  is 
brought  into  the  position  A^B\  the  change  in  position 
being  due  to  any  cause  whatever.  We  wish  now«to 
find  the  movement  of  A  and  the  tangent  to  the  neu- 
tral axis  at  A,  with  reference  to  B  and  the  tangent  at 
B^  these  two  points,  ^4  and  -fi,  being  any  two  points  in 
the  beam.  This  relative  motion  will  be  made  appa- 
rent by  making  B'  coincide  with  By  and  the  tangent  a': 
B'  coincide  with  the  tangent  at  B,  This  new  position 
is  represented  by  the  dotted  outline  A"B.  The  ab- 
solute movement  now  shown  is  the  relative  movement 
Fig.  247.  required.     The  tangent  at  A  has  moved  throug'  ^n 

angle  ^0,  making  now  an  angle  with  the  tangent  at  ^  of  ^+  J0,  6  being  the  original  angle; 
the  point  A  has  also  moved  in  space  a  distance  AA'\  the  components  of  wferch  motion,  referred 
to  any  two  rectangular  axes  with  origin  at  Ay  will  be  called  Ay  and  Ax. 


ARCH  BRIDGES. 


237 


{a)  Change  of  Inclination  of  Tangent^  =  J0. — Let   CEFDy   Fig.   248,  be  an  element 

of  the  beam  of  length  ds^  whose  end  faces  CE  and  DP  are 
at  right  angles  to  the  axis,  and  whose  end  tangents  make  an 
angle  with  each  other  originally  equal  to  dO.  Let  d(p  be  the 
change  in  angle  between  end  faces  or  end  tangents  due  to  bend- 
ing. The  change  in  length  of  a  fibre  at  a  distance  y  from  the 
neutral  axis  will  be  equal  to  yd<t>y  and  the  corresponding  stress  per 

vd(t^ 
unit  area  will  be  equal  to/=  ^'^f  >  where  E  is  the  modulus  of 

elasticity  of  the  material,  and  ds  is  the  original  length  of  the  fibre. 
If  da  is  an  element  of  area  of  the  cross-section,  the  total  moment 

/\  _i>  d^ 

fday  =   1    Ey^da'-r  . 


Fio.  248. 


//0 


But  for  any  particular  section,  E  and  -j-  are  constant ;  and  if  M 

is  the  moment  o j  the  external  forces  on  one  side  of  the  section  about  N^  and  /  is  the  moment 
of  inertia  of  the  secticin,  we  have 


"^^S^-^'t- 


from  which  we  have 


^0  = 


Mds 
EI  '     ' 


(6) 


and  in  Fig.  247 


J0=:   rd4>^  I 

J  A  J  A 


PMds 
EI' 


(7) 


{b)  Components  of  A's  motiony  =  Ay  and  Ax. — Let  AEDCB,  Fig.  249,  represent 
the  axis  of  the  unstrained  form  of  the  beam,  and  A''E"D'CB  the  strained  form  A"B, 
Fig.  247.    Now  conceive  the  beam  to  pass  into  its  strained  form  by  the  successive  bend- 


Fia  049. 


ing  of  each  ds  in  turn.  The  bending  of  the  element  BC  through  the  angle  d<t>y  causes 
the  portion  AC  to  turn  through  the  same  angle  d(f)  about  C  as  a  centre,  with  radius  u,  the 
points  moving  to  A'  through  a  distance  dv^  having  the  components  dy  and  dx.     Then  from 
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the  bending  of  DC  the  point  A'  moves  to  A''^  etc.    If  x  and  y  are  the  co-ordinates  of  any 
point  C^  we  have,  by  similar  triangles. 


dy  ^x 
dv  ""« 


dx 

dv 


I    and     ^  =  ^. 


Solving  for  dy  and  dx  and  substituting  for  dv  the  value  udip^  we  have 

dy=^xd(t>    and    dx=iydife. 


Substituting  the  value  of  d<t>  from  eq.  (6),  we  have 

dy^J  xd<t>^J 


Mxds 
EI 


and 


^.=A=/,.^=r^. 


(8) 


(9) 


Fig.  25a 


(^)  Application  of  eq$,  (7),  (8),  ^«^/  (9). — To  make  clear  the  application  of  the  above  equa- 
tions, let  us  take  the  case  of  a  two-hinged  arch  ACB^  Fig.  250,  supporting  the  loads  P^y  P^, 

etc.  The  full  line  ACB  represents  the  posi- 
tion of  the  arch  when  under  no  load,  and  the 
dotted  line  ACB  represents  its  form  when 
loaded.  The  tangents  to  the  curve  of  the 
arch  at  B^  in  the  two  positions,  are  BT  and 
BT  respectively.  Now  the  total  movement 
of  any  point  in  the  arch  with  reference  to  B, 
B  due  to  the  application  of  the  given  loads, 
may  be  divided  into  two  parts ;  one  a  move- 
ment about  Bas  Si  centre  due  to  the  turning 
of  the  arch  on  the  hinge  B,  and  the  other  a 
movement  due  to  the  bending  of  the  arch  between  the  given  point  and  B.  These  motions 
occur  simultaneously ;  but  if  we  conceive  them  to  take  place  successively,  the  first  motion  will 
bring  the  arch  into  the  position  A'C'B,  the  tangent  ^Z  moving  to.  BT'  through  an  angle  fi, 
and  the  entire  arch  turning  about  -5  as  a  centre  through  the  same  angle.  Now  conceive  the 
bending  to  take  place.  The  arch  will  then  come  into  the  position  shown  by  the  dotted  line 
ACB,  and  the  point  A'  will  move  to  A,  making  the  total  movement  of  A  equal  to  zero.  The 
movement  of  any  point  and  the  tangent  at  that  point  with  reference  to  B  and  ^57"',  due  to 
bending,  as  for  example,  the  point  A'  and  the  tangent  at  A\  is  now  given  by  eqs.  (7),  (8),  and 
(9).  Since  the  point  A'  comes  back  to  A^  its  motion  due  to  bending  is  equivalent  to  the  arc 
A' A,  this  arc  being  the  path  of  the  first  part  of  its  motion.  Hence  with  the  axis  of  -retaken 
parallel  to  ABy  the  distance  /jx  is  very  small  compared  to  Jy  (if  ^y  were  a  differential  of  the 
first  order,  J;r  would  be  of  the  second  order  and  therefore  zero  compared  to  Jy);  and  since  ^y 
is  small  compared  to  the  dimensions  of  the  arch,  we  may  put  ^x  equal  to  zera  Hence  from 
eq.  (9)  we  have  for  the  point  A 

J.=/^  =  a (10) 

^A         El 

This  is  the  only  one  of  the  equations  (7),  (8),  and  (9)  whose  value  is  known  beforehand,  and 
hence  the  only  one  which  is  of  service  in  finding  reactions. 

In  the  case  of  an  arch  with  fixed  ends,  the  end  tangents  are  fixed  as  well  as  the  points  A 
and  B ;  hence,  for  each  end  referred  to  the  other,  each  of  the  equations  (7),  (8),  and  (9)  reduce 
to  zero. 
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PARABOLIC  ARCH  OF  TWO  HINGES;    VARIABLE  MOMENT  OF  INERTIA. 

189.  The  Equilibrium  Polygon.* — In  Fig.  25i,letr  =  rise;  c  =  half-span  ;  b  =  distance 
of  any  load  from  the  centre,  measured  positively  towards  the  right ;  and  x  and  y  =  the  co- 
ordinates of  any  point  of  the  arch  referred  to  ^4  as  the  origin.    Since  the  moments  at  A  and 


Fig.  251. 

B  are  zero  we  know  that  the  equilibrium  polygon  for  the  load  P  must  pass  through  these 
points.     We  also  have  the  further  condition  from  eq.  (10)  that    /   ^  ^     =  o. 

The  modulus  of  elasticity,  E^  will  be  taken  as  constant ;  and  if  H  is  the  pole  distosico  and 
^  is  the  vertical  ordinate  between  the  equilibrium  polygon  and  any  point  £,  then^ssi^^ 
and  hence  by  substitution 

/^=fyr^=^  -  /'^=- (■■) 

If  now  we  make  the  further  assumption  that  /  increases  from  the  crown  to  the  springing 
line  in  the  same  ratio  as  sec  1,  where  i  is  the  inclination  of  the  arch  at  any  point  to  the  hori- 
zontal, we  have 

/ 


sec  I 


;  =  a  constant  =  T^ , 


where  /,  is  the  moment  of  inertia  at  the  crown.    This  assumption  is  a  reasonable  onef  and 
sufficiently  exact  for  practical  purposes. 
From  Fig.  251  we  have 

ds 

dx  = 


sec  t 


hence,  by  substituting  the  above  value  of  /  in  eq.  (i  1),  we  have 

J  A     I        J  A  /.see*      /,t/^ 


whence 


/  zydx  =  o,    or      /  zydx  = 


a 


(12) 


From  Fig.  251  we  have  z  ^y  —  e^  \  hence  eq.  (12)  becomes 

f^ydx—  j^ydx  =  o. •••••«    (13) 

For  a  parabola,  with  origin  at  yl,  w«  have 

/   _    V,  =  p ,    whence    ^  =  -^-(2^  — ^) (14) 


*  The  following  demonstracton  and  ihat  of  Art.  194  are  from  Prof.  Greene's  "Trusses  and  Arches,"  Part  III,  pp 

44*  45.  60-63. 

f  Since  the  direct  stress  in  the  arch  for  a  full  load,,  and  also  its  cross-section,  do  increase  from  crown  to  springing 

in  accordance  with  this  law. 
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Substituting  this  value  oiy  in  the  first  term  of  eq.  (13)  and  integrating,  we  have 


=?(f^-«^+?^)=;i''- 


5    '      «5 

For  the  second  term  of  eq.  (13)  we  have,  from  A  to  (7, 

-  =  — r-T,    whence    /  =     ,   » > 

Substituting  from  (16)  and  (14)  in  (13)  and  integrating  from  o  to  (^r  +  ^)>  we  have 


(15) 


(l6> 


^)[|<^  +  ^--J(^  +  ^l 


*•(<:  + 


-?-{f<^+*)--^l 07) 

To  integrate  the  portion  on  the  right  of  G>  we  may  take  our  origin  at  B.    The  integral 
will  be  then  the  same  as  eq.  (17),  but  with  {p  —  b)  put  for  if  -|-  V).    That  i8» 

£y^.^-[j^.-^-fe^ ...(.« 

Substituting  from  (15),  (17),  and  (18),  in  (13)  and  reducing,  we  have 


Solving  for /a  we  have 


32<*»' 


(19) 


This  equation  gives  the  value  of  y^  in  terms  of  known  quantities  and  hence  determines 
the  third  point  in  the  equilibrium  polygon.  As  the  position  of  the  load  varies,  eq.  (19)  is  the 
equation  of  the  locus  of  the  point  k.  Hence  if  this  curve  be  constructed,  the  equilibrium 
polygon  for  any  load  is  drawn  by  simply  joining  the  points  A  and  B  with  the  intersection  of 
the  load-vertical  with  this  curve. 

190.  Position  of  Loads  for  a  Maximum  Stress  in  any  Member. — In  Fig.  252  the  locus 
of  the  point  k  is  the  curve  MN^  having  an  ordinate,  y^ ,  equal  to  f|r  at  the  centre,  and  ff r  at 

M 


Fig.  253. 

the  ends  of  the  arch.  For  the  piece  CDy  with  centre  of  moments  at  /%  a  load  at  k  produces 
no  stress,  while  all  loads  to  the  right  produce  tension  and  all  loads  to  the  left  compression. 
For  FEy  all  loads  to  the  right  of  k'  cause  compression  and  all  loads  to  the  left  tension.     For 
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the  web  member  DF^  draw  Al^'  towards  the  intersection  of  CD  and  FE.  Then  loads  between 
D  and  k!'  cause  positive  shear  on  section  pq^  or  compression  in  DFy  while  loads  to  the  right  of 
kf'  and  to  the  left  of  F  cause  tension  in  DF.  For  such  a  piece  as  EI^  with  centre  of  moments 
at  C,  loads  between  if"  and  1^^-  produce  positive  moment  or  tension  in  £/,  while  loads  on  the 
remaining  portions  produce  compression. 

The  loading  for  the  maximum  stress  in  any  member  is  thus  readily  tound,  after  having 

constructed  the  curve  MN.  The  following  table  gives  enough  values  of  -  to  enable  this 
curve  to  be  constructed  with  sufficient  accuracy  for  this  purpose. 

TABLE  OF  VALUES  OF*^*  FOR  VARIOUS  VALUES  OF-. 

r  c 


€ 

CO 

0.3 

0.4 

0.6 

0.8 

I.O 

r 

1. 380 

1.390 

1.333 

1.379 

1.468 

1.600 

I9I.  Computation  of  Stresses. — The  stress  in  each  member  due  to  each  load  may  be 
found  graphically  by  computing  y^  and  drawing  the  equilibrium  polygon  for  each  load,  the 
stresses  resulting  as  explained  in  Art.  184.  In  this  case,  however,  it  will  be  as  easy  to  deter- 
mine the  stresses  analytically. 

In  Fig.  251  we  have,  by  taking  moments  about  B  and  then  about  A^ 


r.=/> 


c-2± 

2C 


and     V, 


(20) 


AisOy  by  similar  triangles  in  Figs.  251  and  251  (^X 


whence,  from  eq.  (2o)» 


H^ 


(21) 


By  meansLof  eqs.  (19),  (20),  and  (21)  the  components  of  the  reactions  due  to  each  load 
can  be  computed  and  the  results  added  for  those  loads  which  act  together  to  cause  a  maxi- 
mum stress  in  any  given  member.  The  components  of  one  reaction  known,  the  stress  in  the 
member  is  found  by  a  single  equation  of  moments  of  the  forces  upon  one  side  of  the  section ; 
or  if  a  web  member,  by  a  summation  of  the  components  of  all  the  forces  in  a  direction  normal 
to  the  arch  at  the  section  considered. 

If  the  arch  under  consideration  is  a  circular  one,  the  reactions  may  be  found  with  suffi- 
cient  accuracy  in  all  ordinary  cases  by  using  instead,  a  parabolic  arch  of  the  same  span,  and 
whose  average  length  of  ordinate  is  the  same  as  that  of  the  given  circular  arch  ;  that  is,  one 
which  encloses  the  same  area  between  the  arch  and  the  line  joining  the  springing  points.  The 
rise  of  such  an  arch  is  readily  found,  remembering  that  the  area  enclosed  by  the  parabolic 
arch  is  equal  to  ^rc.  After  obtaining  the  reactions  the  stresses  should  be  found  for  the  actual 
arch. 

X92.  Temperature  Stresses. — A  rise  of  temperature  of  /  degrees  above  the  normal, 
lengthens  each  element,  ds^  of  the  arch,  by  an  amount  equal  to  tedSy  where  e  is  the  coefficient 
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of  expansion.     The  horizontal  component  of  this  increment  is  teds  cos  %  or  iedXy  and  the  total 
change  in  length  of  span  if  the  arch  were  free  to  move  would  be  equal  to  f     tedx  =  2cte. 

This  movement  is,  however,  resisted  by  horizontal  abutment  reactions,  and  stresses  are  thus 

developed  in  the  arch. 

Let  A'B^  Fig.  253,  be  the  normal  position 
of  the  lengthened  zx^y  and  AB  the  position  when 
sprung  or  kept  in  place  by  the  abutments^ 
A' A  being  equal  to  2cte.  The  tangents  to  the 
two  curves  at  B  are  respectively  BT'  and  BT. 
The  movement  of  A*  to  A  may,  as  in  Art.  188, 
be  conceived  as  divided  into  two  parts ;  one  a 
turning  about  ^  as  a  centre  through  the  angle 
§y  the  point  A*  coming  to  A'\  and  the  other 

part,  that  due  to  bending,  the  end  of  the  arch  moving  from  A"  to  A.    As  in  Art  188,  the 

horizontal  component  of  A' A"  may  be  put  equal  to  zero,  whence  the  horizontal  component 

of  A' A  ^A'A  =  2cte^  or,  from  eq.  (9), 


Fig.  353. 


r 


Myds 
"El 


,  =  Jxt  s  aeU, 


(33) 


or,  according  to  the  assumptions  of  Art.  189, 


■^^J^Afydx  =  2ae. 


(23) 


Now  tn  Fig.  254  the  moment,  M,  at  any 
point  n  due  to  two  equal  horizontal  reactions 
//i,  is  Ift^;  hence  if //i  is  the  reaction  caused  by  a 
rise  of  temperature  of  /  degees,  eq.  (23)  becomes 

'n^JT^^^^^'  •  •  •  (^^^ 

From  eq.  (i  5),  p.  240,  the  value  of    /    fdx  is  equal  to  -rz^c ;  hence,  substituting  in  (24) 

and  solving  for  H^ ,  we  have 

\%EI.te 


Fig.  354. 


H,^ 


Sr* 


(25) 


From  this  equation  the  value  of  f/t  can  be  computed  for  any  change  of  temperature  above  or 
below  the  temperature  for  which  the  arch  is  designed,  and  the  stresses  readily  found  in  all 
the  members  by  means  of  a  stress  diagram.  For  z.fall  of  temperature,  /  is  of  course  negative 
and  Hi  acts  outwardly. 

193.  Stresses  due  to  Change  of  Length  from  Thrust. — From  the  direct  thrust  due 
to  loads  or  changes  of  temperature,  each  element  of  the  arch  is  shortened  by  an  amount 

equal  to  -pds^  where /=  compression  per  unit  area ;  ds  =  length  of  element ;  and  E  =  modulus 

of  elasticity.  This  shortening  due  to  compression  has  precisely  the  same  effect  as  a  fall  of 
temperature.  The  value  of  /due  to  any  particular  loading  or  to  a  change  of  temperature  is 
not  constant  along  the  arch,  but  it  is  nearly  so  and  may  be  so  considered  for  our  purpose^'. 

Taking  for/,  then,  an  average  value  along  the  arch  for  any  given  loading,  the  quantity  j.  will 
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Hz 


replace  te  of  the  preceding  article.    Eq.  (25)  therefore  becomes,  if  H,  is  the  horizontal  reac- 
tion necessaiy  to  resist  the  shortening  of  the  arch, 


H,^- 


15/4 


(26) 


the  minus,  sign  indicating  that  H,  acts  outwardly,  or  in  the  direction  of  Ht ,  for  a  fall  of  tem- 
perature. 

In  getting  stresses  it  will  be  convenient  to  assume  some  value  of  H^^^s  100,000  lbs.  for 
example,  and  with  this  value  find  the  stresses  in  all  the  members  by  means  of  a  stress  diagram, 
the  only  external  forces  acting  being  the  two  equal  horizontal  reactions.  Then  for  any  par- 
ticular member,  find  an  average  value  of /"by  getting  its  value  at  three  or  four  points  along  the 
arch,  when  loaded  so  as  to  produce  the  maximum  stress  in  the  member  in  question ;  substitute 
this  average  value  in  eq.  (26)  and  determine  H,  •  Then  multiply  the  stress  found  from  the 
diagram  by  this  value  of  H,  and  divide  by  ioo,ooa 

Average  values  of /due  to  the  maximum  rise  and  fall  of  temperature  maybe  found  once 
for  all,  the  corresponding  values  of  H,  computed,  and  these  added  to  the  values  of  H,  as 
found  above. 

Stresses  due  to  the  shortening  of  the  arch  may  be  prevented  to  a  lai^e  extent  by  con- 
structing it  a  little  longer  than  the  span,  and  springing  it  into  place.  Under  certain  loads,  then, 
the  arch  is  compressed  just  enough  to  make  its  length  normal,  and  the  stresses  due  to  shorten- 
ing are  zero.  This  initial  lengthening  of  the  span  by  a  given  amount,  J,  has  the  same  effect  as 
a  rise  of  temperature  which  lengthens  the  span  by  the  same  amount.  Hence,  in  eqs.  (24)  and 
(25),  if  we  substitute  A  for  2cte^  and  if  Hi  is  the  horizontal  thrust  due  to  the  initial  lengthen- 
ing, we  have 


H,= 


i6cr* 


(27) 


This  value  of  Hi  is  to  be  added  to  H,  of  eq.  (26). 

The  proper  value  of  J  to  be  used  in  designing  the  arch  may  be  found  by  substituting  for 
Hi  in  eq.  (27)  an  average  value  of  H,  as  found  from  eq.  (26),  and  then  solving  for  A 


PARABOLIC  ARCH  WITH  FIXED  ENDS ;  VARIABLE  MOMENT  OF  INERTIA. 

X94«  The  Equilibrium  Polygon. — Fig.  255  represents  such  an  arch,  the  ends  at  A  and  B 
being  fixed  in  direction  as  well  as  position  by  the  abutments.    This  being  the  case,  there  will 


Fig.  255.  ; 

in  general  be  some  bending  moment  at  A  and  B,  and  the  equilibrium  polygon  for  a  load  P 
will  not  pass  through  these  two  points.  Let^,  be  the  ordinate  from  the  equilibrium  polygoir 
to  that  abutment  farthest  from  the  load  P,  and  y^  be  the  ordinate  to  the  other  abutment. 
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Let  y^  be,  as  before,  the  ordinate  from  k,  the  intersection  of  the  two  segments  of  the  polygon, 
to  the  line  AB,     The  unknowns  are  here  the  three  ordinates  j/, ,  ^, ,  and^,. 

In  Art.  1 88  we  have  seen  that  for  an  arch  with  no  hinges  we  have  the  three  conditions, 
from  eqs.  (7),  (8),  and  (9), 


JC'Mds  rMxds  ^       C 


"Myds 


Making  the  same  assumptions  as  in  Art.  189  r^^arding  B  and  /,  and  putting  Hz  or 
H{y  —  y),  for  Mt  the  above  equations  become 

J ydx^  J  ifdx^OX  .    . (38) 

J  xydx-^J  sixdx9mO\  . ••    (29) 

So  ^^  '^S  ^y^  ~  ^ f  •  •  (30) 

The  values  of  these  integrals  will  now  be  derived. 

Equation  (28). — From  eq.  (14),  p.  239,  we  have  j^  =  -jr^c  —  x\.  Substituting  this  value 
in  the  first  term  of  (28)  and  integrating,  we  have 

The  second  term  of  (28)  is  simply  the  area  of  the  two  trapezoids  ALkG  and  BMkGy  or 

« 

Subtracting  {d)  from  {b)  and  reducing,  we  have  from  (28) 

20'o+(^  +  %i  +  (^-%.-l^^  =  <^       (31) 

Equation  (29). — Referring  to  Fig.  255  we  see  that  the  first  term  of  (29)  is  simply  the 
moment  of  the  area  between  the  parabola  ACB  and  the  line  AB^  about  the  axis  A  Y.  This 
area  is  equal  to  |^ ;  hence 

J^  xydx^{crxc^^r. (c) 

The  second  term  0^(29)  is  likewise  the  moment  of  the  area  ALkMB  about  AY.  This 
area  may  be  divided  into  the  two  rectangles  ALTG  and  BMSG,  and  the  two  triangles  LkT 
and  SMk.     Writing  out  these  moments,  we  have 


J^ss'xdx  =y^^^  +ylc  -  b)^  -  ^-^c  -  b)\ 


H-U -y^-^ x^f  +  b)-\- U -y:t-^\_2c - j<r - *)].  .   id) 

Subtracting  {c)  from  (rf),  we  have  after  reduction 

2<3^  +  %.  +  (^  +  *)V.  +  (^-*)(5^  +  %.-8^^  =  <^-      c    •    .    .    (32) 
Equation  (30). — From  eq.  (15),  p.  240,  we  have 

£/dx  =  >Af*c. (e) 

^  ihis  IS  uie  wcii-Kiiuvvii  area  of  a  parabolic  segmeni  and  could  have  beeti  wiiueii  ai  once. 
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For  the  second  term  of  (30)  we  have,  from  A  to  Gj 

and  if,  for  the  portion  from  G  to  B^  we  take  our  origin  at  By  we  have  for  this  portion 

TX 

The  value  of  y  is,  for  both  cases,  equal  to  -j  {2c  —  x)  as  before.    We  may  then,  as  in  Art. 

189,  substitute  the  first  value  of  sf  in  (30)  and  integrate  from  o  to  (^+  b\  then  the  second 
value,  and  integrate  from  o  to  (^  —  V)  with  origin  at  B.    That  is, 

Performing  the  integrations  indicated,  collecting  terms,  combining  with  (e\  and  multiplying 
by ,  we  have  finally 

2^5^  -  ^.  +  (^  +  *)'(3<^  -  %.  +  (^  -  *)'(3^  +  %.  -  ¥^^  =  a    .    .    .    (33) 

We  now  have  three  equations,  (31),  (32),  and  (33),  between  three  unknown  quantities, 
^0 » ^i »  ^^^  y%  •  To  solve  these  equations,  multiply  (31)  by  {c  +  ^)  and  combine  with  (32)  to 
eliminate  y^ ,  giving 

4^^.  +  4^^-%.  -  t(2^-*^)=o.    . {g) 

9 

Multiplying  (32)  by  (3^  —  d)  and  combining  with  (33),  we  have,  similarly, 

4^>«  +  6^^-%.-4KK-*^)=0- (A) 

Subtracting  (^)  from  (A)  and  solving  for  j/, ,  we  have 

J'.^fS-T^T^- (34) 

Substituting  in  (^)  or  (A),  we  obtain 

y.  =  ir (35) 

And  finally  by  substituting  in  either  of  the  first  three  equations  we  have 

Eq.  (35)  shows  that  the  locus  of  ir  is  a  horizontal  straight  line  at  a  distance  of  f  r  above 
AB.  The  value  of  y^  in  eq.  (36)  varies  from  —  c»  for  ^  =  —  ^  to  a  value  of  ^r  for  ^  =  -|-  c. 
The  value  of  y^  varies  in  the  opposite  way. 

195.  Position  of  Loads  for  a  Maximum  Stress  in  any  Member.— All  the  reaction  lines, 
Lk^  constructed  for  loads  at  various  points  along  the  arch  are  tangent  to  some  one  curve ;  like- 
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wise  for  the  lines  kM.  In  finding  position  of  loads,  it  will  be  convenient  to  construct  these  curves 
or  envelopes.  These  curves  are  hyperbolas,  and  their  equations  might  be  derived  ;  but  it  will 
be  as  convenient  to  construct  them  by  drawing  the  reaction  lines  Lk  and  Mk  for  several  posi- 

y        y 

tions  of  the  load,  or  for  several  values  of  b.    The  following  table  gives  values  of  —  and  —  for 

various  values  of  — ,  which  will  enable  enough  lines  to  be  drawn  to  locate  the  curves  with 

c  ** 

sufficient  accuracy. 

TABLE  OF  VALUES  OF  -  AND  -^  FOR  VARIOUS  VALUES  OF  -. 

r  r  c 


—   I.O 

—  0.8 

-0.6 

-0.4 

—  0.2 

0.0 

+  0.2 

+  0.4 

+  0.6 

+  0.8 

+  1.0 

r 

—  00 

—  2.0 

—  0.667 

—  0.222 

±  0.0 

+  0.133 

+  0.222 

+  0.286 

+  0.333 

+  0.370 

+  0.400 

yi 

r 

4-0.40 

+  0.370 

+  0.333 

+  0.286 

4-  0.222 

+  0.133 

±  0.0 

—  0.222 

—  0.667 

—  2.00 

—  oo 

In  Fig.  256,  ac  is  the  locus  of  k^ y^  being  equal  \.o  \r\  de  is  the  envelope  of  the  lines  Li 
and  ^  is  the  envelope  of  the  lines  kM.     If  G  is  the  centre  of  moments  for  any  member  DE, 


Fig.  256. 

the  lines  Gi  and  Gk\  drawn  tangent  to  de  and  /g"  respectively,  will  determine  the  position  of 
the  loads  for  a  maximum  stress  of  either  kind  in  DEj  since  loads  between  k  and  ^'  cause 
positive  moment  at  G,  while  all  other  loads  cause  ne^rative  moment.  Likewise  a  line  drawn 
tangent  to  de  and  parallel  to  FG  and  DEy  or  towards  their  intersection,  will  determine  the 
position  of  loads  for  maximum  stress  of  either  kind  in  DGy  as  in  Art.  190. 

196.  Computation  of  Stresses. — The  stresses  can  be  obtained  with  sufficient  accuracy 
by  graphical  methods.  A  skeleton  diagram  of  the  arch  should  be  drawn  to  a  large  scale  and 
the  equilibrium  polygon  and  force  diagram  drawn  for  each  joint  load,  computing  ^,  and  ^, 
by  eqs.  (36)  and  (34).  The  stresses  are  then  found  in  each  member  due  to  each  load  by  the 
method  of  Art.  184. 

If  analytical  methods  are  preferred,  the  following  equations  will  enable  the  reactions  for 
any  load  to  be  computed : 
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In  Fig.  255  we  have,  by  similar  triangles, 

If  ""  T+r    ana     ^  -  ^  _  ^  .  .    .    .    ,    o    .    .     .    07; 

Adding  and  putting  F,  +  F,  =  /^,  we  have,  after  solving  for  H^ 

P 


H^ 


y.-Vx  ^y.-y% 

c-^-b        c  ^b 


Substituting  from  eqs.  (34),  (35),  and  (36)  and  reducing,  we  have 

-=^[-C^)']> ^ 


32 
By  substituting  in  (37)  and  reducing,  we  have 


and 


By  means  of  these  equations  the  components  of  the  reactions  due  to  each  load  can  be 
computed  and  the  resulting  F's  added  to  get  the  total  V  due  to  those  loads  which  act 
together  to  cause  the  maximum  stress  in  any  member.  The  several  //*s  may  also  be  added, 
and  the  line  of  action  of  the  resultant  H  be  found  by  multiplying  each  H  by  the  correspond- 
ing^, or y^  and  dividing  the  sum  of  these  products  by  the  sum  of  the  H's.  The  components 
and  line  of  action  of  one  reaction  being  known,  the  stress  in  the  member  in  question  is 
readily  found. 

If  a  circular  arch  is  under  consideration,  the  reactions  may  be  found  by  a  similar  approxi- 
mation to  that  explained  in  Art.  191. 

197.  Temperature  Stresses. — For  an  arch  with  fixed  ends,  the  His  necessary  to  resist 
a  lengthening  of  the  span  due  to  a  rise  of 
temperature  are  not  applied  at  A  and  -ff,  but 


at  some  distance  7,  or^,  above,  similarly  to   ^t — t — "^ 1 T f 

the  horizontal  forces  for  vertical  loads.     In  ^J   x  i^       !**  'j 


this  case,  for  equilibrium,  ;/,  =  ^,  =  h.     The  ?^X_-k4r -i -^ ■* ^^-4--^ 

ends  of  the  arch  at  A  and  B  being  fixed  in    ^V- c ^ c -^Ju 

direction,  we  mast  have,  from  eq.  (7),  when  '°'  ^^^* 

transformed  from  ds  to  dx^  as  in  Art.  189,   /    Mdx  =  o,  since  -J/=  Ht{y  —  A), 

j   ydx -- J    hdx  z=L  o. -    (41) 

From  eq.  (a)  of  Art.  194  we  have 

t/#  3 

and  we  have  aLo 

/  hdx=z2ch\ 

hence  substituting  in  (41)  and  solving  for  A,  we  have 

A  =  |r,  a  constant.  ••a»««a«««a«    (42) 


%"• 
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Now  the  lengthening  of  the  span  due  to  a  rise  of  temperature  of  t  degrees  above  the 
normal  is  2cte^  and  we  have,  as  in  tq.  (23),  p.  242, 


EI, 
From  Pig.  257  we  have,  for  the  moment  at  any  point «, 

Substitutii^  in  (43),  we  have 


\jj^ Mydx  ^  Tcte, .    .    (43) 


^[/'/'^  -  ^jT^]  =  **• (44) 


By  eq.  (i  5),  p.  21a     J    3^^  =  "7*  ^^* 

Also  we  have  I    y^^  =  area  ACB ^^rc 

^9  3 


3 

Substituting  in  (44)  and  solving  for  Ht »  we  have 

H,^^^. (45) 

Knowing  the  amount  and  line  of  action  of  //i ,  the  resulting  stresses  may  be  computed  by 
moments  and  shears,  or  in  case  of  a  truss  the  stresses  are  more  readily  found  by  a  diagram, 
the  stresses  in  two  or  three  of  the  end  members  being  first  found  by  moments. 

198.  Stresses  due  to  Change  of  Length  from  Thrust. — In  this  case,  as  in  Art.  193, 
the  effect  of  the  shortening  of  the  arch  is  the  same  as  that  caused  by  a  fall  of  temperature  ; 

and,  as  in  that  case,  we  may  substitute  ^  for  te  in  eq.  (45)  and  we  will  obtain  the  outward 

thrusty  H,f  necessary  to  resist  this  shortening.    Hence 

H.=  -^ (46) 

The  line  of  action  of  this  thrust  is  evidently  the  same  as  for  //i,  since  eq.  (42)  was  derived 
independently  of  the  cause  of  the  thrust. 

The  stresses  due  to  change  of  length  are  found  as  in  Art.  193. 

198a.  The  Full-Spandrel  Arch  with  Two  Hinges.— This  is  coming  to  be  a  favorite 
structure  for  long  spans,  especially  where  stiffness  is  required,  as  in  railway  bridges.  The  new 
Niagara  arches  are  of  this  pattern.  As  the  proportions  of  this  form  of  arch  are  radically 
different  from  those  assumed  in  the  derivation  of  the  formulae  of  Art.  189,  those  formula:  are 
not  well  adapted  to  its  analysis.  They  may,  however,  be  used  for  a  first  approximation  from 
which  preliminary  valurs  for  the  cross-sections  can  be  determined.  The  true  stresses  may 
then  be  found  by  the  method  of  deflections  as  explained  in  Art.  20^a.  A  still  closer  appro^-^ 
xva^K  method  is  here  offered,  which  is  sufficiently  accurate  for  all  practical  purposes. 
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For  a  load  placed  at  any  joint  certain  reactions  are  produced,  and  since  these  two 
reactions  are  in  equilibrium  with  the  applied  load,  the  lines  of  their  action  lie  in  the  end 
hinges  and  intersect  upon  the  vertical  line  through  the  loaded  point.  The  locus  of  these 
intersections  being  founds  all  these  reaction  lines  could  be  drawn,  the  same  as  was  done  in 
Art.  190.* 

In  Fig.  2^ja  is  shown  one  half  of  the  Niagara  railway  arch,  with  the  true  intersection  locus 
drawn  in  a  dotted  line,  a\  d',  .  .  .  .  k\  this  having  been  found  by  the  rigid  method. 
If  now  a  parabola  be  made  to  fit  this  true  locus  as  nearly  as  may  be,  and  its  equation  found 
in  terms  of  the  constants,  span,  /,  rise  of  arch,  r,  and  depth  of  crown,  Z?^,  this  may  be  called 
the  "  parabolic  intersection  locus,"  and  it  can  be  constructed  in  place,  as  soon  as  the  general 
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Fig.  257a. 


dimensions  of  the  arch  are  known.  The  reaction  lines  can  then  be  drawn  to  the  intersections 
of  the  verticals  with  this  curve,  and  the  directions,  positions,  and  amounts  of  these  reactions 
thus  at  once  determined  ;  that  is  to  say,  all  the  pecuh'ar  difficulties  of  the  analysis  for  such  a 
structure  would  disappear  if  this  intersection  locus  were  known. 

In  the  present  example  it  can  be  seen  by  inspection  of  Fig.  257/1  that  the  error  in  the 
horizontal  or  vertical  components  due  to  an  erroneous  direction  of  the  reactions,  if  these  were 
drawn  to  the  parabolic  locus  instead  of  to  the  true  one,  would  be  very  small.  Taking  joint 
E  as  the  worst  case,  the  horizontal  component  would  be  in  error  about  2^,  the  vertical  com- 
ponent about  2ij^,  and  the  resultant  reaction  by  less  than  2^.  The  average  single. error 
for  all  the  joints  would  be  less  than  i^,  and  these  would  be  compensating,  as  they  are  of  oppo- 
site signs.  The  resulting  effect  upon  the  dimensions  of  the  members,  for  any  combination  of 
loads,  would  therefore  be  practically  zero.  For  this  one  case,  therefore,  the  parabolic  locus 
would  have  served  as  well  as  the  true  locus,  and  another  curve  could  be  found  which  would 
fit  the  true  locus  still  closer  if  it  were  thought  necessary. 

As  to  using  the  equation  of  this  parabolic  intersection  locus  for  another  bridge,  as  in  a  new 
design,  there  is  this  to  be  said  :  The  intersection  locus  for  a  two-hinged  arch  of  constant  depth 
(parallel  ribs)  is  not  very  diflferent  from  the  parabolic  locus  here  found.     The  equation  of  this 


*  By  the  rigid  method  the  horizontal  components  only  of  these  reactions  have  to  h^e  found,  since  the    vertical 
components  arc  the  same  as  for  a  beam  resting  on  the  same  supports. 


2 so  MODERN  FRAMED  STRUCTURES. 

latter,  when  referred  to  an  origin  at  the  centre  of  the  line  joining  the  two  hinges,  or  springing 
points,  is  (from  eq«  19,  p.  240) 

32/V  . 

•^ ""  25/*  -  2ar» ^*7^ 

where     y  =  ordinate  to  locus  curve, 

/  =  span  of  arch, 

r  =  rise  of  arch, 

X  =  distance  out  to  right  or  left  from  the  centre. 
The  curve  marked  a'\  b'\  c'\  ....  >f  is  this  locus. 

The  equation  of  the  parabolic  locus  here  used  for  a  full  spandrel  arch,  referred  to  the 
same  origin,  is 

2  iir D  )x* 

Parabolic  Locus  :    y=  ., — h  ^  +  2.2/?^ (48) 

The  full-line  curve  A\  E\  K'  is  this  locus.  Jt  will  be  seen  that  if  reaction  lines  were 
drawn  through  the  springings  to  the  locus,  a'\  b'\  ....  k!\  these  would  all  have  greater  hori* 
zontal  components  than  those  drawn  to  either  of  the  others.  That  is  to  say,  the  horizontal 
components  of  the  reactions  for  an  arch  of  constant  depth  (but  whose  moment  of  inertia 
increases  with  the  secant  of  the  angle  with  the  horizontal  from  the  crown  to  the  springings, 
(this  condition  having  been  assumed  in  the  derivation  of  this  locus)  are  all  greater  than  the 
corresponding  horizontal  components  for  a  full-spandrel  arch  ;  but  the  difiference  between 
actual  stresses  in  a  full-spandrel  arch  and  the  stresses  which  would  result  from  using  the  locus 
a'\  b'\  .  ,  .  .  k"  would  be  less  than  5^  on  the  average.  That  is  to  say,  if  the  reactions  were 
assumed  to  be  the  same  for  a  full-spandrel  two-hinged  arch  as  they  are  for  such  an  arch  of 
constant  depth  or  having  parallel  ribs,  the  error  involved  could  not  exceed  5^  on  any  member. 

It  is  evident,  however,  that  all  full-spandrel  arches  are  much  more  nearly  like  each  ofher 
than  they  are  like  arches  having  parallel  ribs,  and  hence  it  must  become  evident  that  in  assuming 
that  the  Niagara  reaction-intersection  locus  will  serve  for  the  solution  of  all  full- spandrel 
arches,  the  error  involved  must  be  very  much  less  than  5  per  cent.  Even  if  the  approximate 
parabolic  locus  here  found  be  used,  the  resulting  error  would  certainly  never  be  as  much  as 
2^,  and  would  probably  always  fall  inside  of  i^. 

When  it  is  considered  that  other  functions  of  the  problem  cannot  be  evaluated  nearer 
than  5oj^,  and  that  to  cover  these  great  uncertainties  a  factor  of  safety  of  300^  or  400^^  is 
inserted,  is  it  not  very  irrational  to  expend  great  labor  in  trying  to  compute  sections  for 
assumed  loads  to  the  nearest  tenth  of  i^? 

A  somewhat  closer  approximation  to  the  true  locus  may  be  found  by  using  a  hyperbola 
having  the  equation 


Hyperbolic  Locus  :    y  =  a/-  (^)  {ff^K')  +  K\ 


(49) 


where  Q  =  i.3Sr  +  i.85A»        and        iir  =  r  +  2.2A 


This  curve  coincides  at  the  centre  with  the  parabola  here   used,  but  drops  a  little  at  the 
ends. 
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CHAPTER  XV. 

DEFLECTION  OF  FRAMED  STRUCTURES  AND  THE  DISTRIBUTION  OF  LOADS  OVER 

REDUNDANT  MEMBERS. 

Z99.  The  Deflection  of  a  Framed  Structure  for  any  given  loading  can  be  as  rigidly 
computed  as  the  stresses  in  the  members  can  be  found.  Although  it  would  seem  to  be  self- 
evident  that  the  extension  or  shortening  of  any  main  truss  member  must  contribute  somewhat 
to  the  deflection  as  a  whole,  it  has  long  been  customary  to  state  that  the  deflection  is  almost 
wholly  due  to  the  stresses  and  strains  obtaining  in  the  chords,  and  but  little  attention  has 
been  given  to  the  web  members  in  this  connection.  Probably  Stoney's  two-volume  work  on 
*^  Theory  of  Strains  in  Girders''  (2d  ed.,  London,  1869)  has  stated  this  position  most 
emphatically.  Indeed  he  has  placed  as  the  frontispiece  to  the  first  volume  what  purports  to 
be  a  graphical  proof  of  the  proposition.     He  says : 

"  At  first  sight  it  may  be  thought  that  the  web  of  the  plate  girder,  or  the  braced  web  of  the  latticed 
girder,  will  seriously  affect  the  amount  of  the  deflection  curve ;  but  it  can  be  readily  shown  by  carefully  con- 
structed diagrams,  in  which  the  alterations  of  length  due  to  the  load  are  drawn  to  a  highly  exa^^rated  scale, 
that  the  construction  of  the  web  has  scarcely  any  influence  on  the  curvature." 

He  then  constructs  a  drawing  showing  this  effect  on  a  very  shallow  Warren  girder,  and 
seems  to  prove  his  proposition.     He  says  of  them : 

"  These  diagrams  give  very  interesting  results ;  they  show  that  the  curvature  of  flanged  girders  is  prac- 
tically independent  of  change  of  form  in  the  web  and  almost  entirely  due  to  the  shortening  of  the  upper, 
and  the  elongation  of  the  lower,  flange ;  and  a  further  inference  may  be  derived  from  them,  viz.,  that 
deflection  is  practically  unaffected  by  the  nature  of  the  web,  whether  it  be  formed  of  plates  or  lattice  bars."  * 

These  conclusions  prove  to  be  erroneous  and  have  been  grossly  misleading.  In  actual 
structures  deflections  computed  from  chord  strains  only  have  been  found  to  be  about  half 
as  great  as  those  actually  observed  under  loads,  and  the  difference  has  been  set  down  d^ 
another  illustration  of  the  "  universal  discrepancy  between  theory  and  practice." 

In  what  follows  a  method  v;ill  be  given  for  accurately  computing  the  deflection  of  any 
point  in  any  framed  structure,  under  any  given  loading,  and  it  will  also  be  shown  that  this 
information  may  be  used  to  determine  stresses  in  redundant  members,  otherwise  indetermi- 
nate-t 

200.  Fundamental  Propositions. — Three  propositions  will  first  be  stated  and  proved : 

Proposition  I.  The  external  work  of  deformation  of  a  framed  struct  Jire  by  a  load  is  equal 
to  the  internal  work  of  resistance. 


*  Vol.  I.,  2d  ed.,  pp.  141, 142. 

f  The  remaining  portion  of  this  chapter  mostly  appeared  as  a  Paper  by  Prof.  Johnson  before  the  Engineers'  Cluk 
of  St.  Louis,  and  was  published  in  the  Jour,  Assoc,  En^,  Socs,,  for  May.  1890. 
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Proposition  II.     The  deformation  movement  of  any  joint  in  any  framed  structure  sub- 
jected to  any  given  load  is  given  by  the  formula 

D^:^'4, ,   .    (I) 

where  D  :=  movement  of  point  under  consideration  resulting  from  the  deformation  of  the 

structure  ; 
/  =  stress  per  square  inch  in  any  member  for  any  given  load  or  system  of  loads ; 
/=  length  of  any  member; 
£  =  modulus  of  elasticity  of  any  member ; 

u  =  factor  of  reduction  =  numerically  the  stress  in  the  member  for  i  lb.  at  joint ; 
2  =  sign  of  summation, 

pul 
That  is  to  say,  the  quantity  -^  is  computed  for  every  member  of  the  truss  and  the  algebraic 

sum  taken  as  the  total  movement  of  the  point. 

Proposition  III.  When  there  are  two  or  more  paths  over  which  a  load  may  travel  to  reach 
the  support  J  the  load  divides  itself  among  the  several  paths  strictly  in  proportioii  to  the  rigidities 
of  the  paths. 

The  relative  rigidities  of  the  paths  are  indicated  by  the  relative  loads  required  to  produce 
a  given  deflection,  or  they  are  inversely  as  the  deflections  produced  by  a  given  load  which  is 
required  to  pass  wholly  over  each  path  in  succession.  Having  established  this  proposition 
and  computed  the  rigidities  of  the  paths  by  Prop.  II,  we  can  write  enough  equations  of 
condition  to  enable  us  to  solve  for  any  number  of  redundant  members.  This  proposition 
applies  to  all  structures  whether  framed  or  composed  of  masonry,  as  in  the  case  of  a  curved 
masonry  dam. 

PROOF    OF    PROPOSITIONS. 

Proposition  I  hardly  requires  proof.  It  is  simply  expressing  for  the  work  or  energy  spent 
on  the  structure  that  which  we  take  for  granted  as  to  the  force  coming  upon  it  ;  that  is  to  say, 
action  and  reaction  are  equal.  The  external  work  of  deformation  is  the  product  of  the  load 
into  the  movement  of  the  loaded  point  in  the  direction  of  the  applied  force,  divided  by  two. 
The  internal  work  of  resistance  is  the  sum  of  the  products  of  the  stress  produced  in  each 
member  by  its  deformation,  divided  by  two. 

Thus,  if  PFis  any  external  force,  acting  in  any  direction, 

D  the  movement  of  the  loaded  point  in  the  direction  of  the  force  W^ 
Pthe  total  stress  produced  in  any  member  by  the  force  W, 
2  the  deformation  of  any  member  accompanying  the  stress  P\ 
then  we  have,  as  the  equation  between  the  external  and  the  internal  work, 

WD       ,  Pz  ,  , 

2  2 

where  the  second  member  represents  the  algebraic  sum  of  the  quantities  —  computed  for  all 

si 

the  members  of  the  truss  for  the  applied  force  W. 

From  the  above  it  would  appear  that  the  total  internal  work  is  made  up  of  as  many  parts 

Pz 
as  there  are  members  in  the  truss,  each  one  contributing  its  portion,  -—  for  that  member. 

2 

Similarly,  the  total  deflection  D  is  made  up  of  as  many  parts  as  there  are  members  of  the  truss, 
these  portions,  as  d^ ,  d^ ,  d^ ,  etc.,  being  produced  by  the  de form ?it ions  of  the  several  members. 
Whence  we  may  write,  from  (i), 
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or 


2     ~     2   ' 

WJ,      />. 

2               2 

*,     w 

*,         W 

X  ~  p, ' 

dT  p: 

etc., 


(2) 


That  IS  to  say,  the  kinematical  ratio  of  a  change  of  length  of  any  member  to  a  resulting 
component  movement  of  any  joint  is  equal  to  iJie  ratio  betiteen  a  like  component  force  applied  to 
the  Joint  and  the  resulting  stress  in  the  given  member.  If  it  is  the  vertical  component  of  the 
movement  which  is  desired,  that  is  to  say  the  deflection,  then  the  hke  component  of  the  force 
at  the  joint  is  also  vertical,  and  the  force  itself  may  be  a  gravity  load.  We  may  then  say,  for 
such  a  case,  that  the  ratio  of  a  deformation  of  any  member  to  the  resulting  deflection  of  any  Joint 
is  equal  to  the  ratio  of  any  load  at  the  Joint  to  the  resulting  stress  in  the  given  member.  That 
is  to  say,  we  may  replace  an  unknown  kinematical  ratio  between  z  and  ^/  by  a  known  ratio 
between  fFand  P,  This  ratio  between  W^and  P  is  found  by  the  ordinary  methods  of  struc- 
tural analysis,  either  algebraic  or  graphic. 

Since  it  is  the  deflection  of  the  joint  which  is  sought,  eq.  (2)  may  be  written 

^=fP^- (3) 

P 

For  convenience  let  tt?-  =  «,  when  u  becomes  the  ratio  of  the  stress  in  any  member  to  the 

load  at  the  given  joint  which  produces  it.     Since,  for  any  structure,  this  ratio  is  constant  for 

all  loads,  we  may  make  the  load  at  the  joint  unity,  as  i  lb.,  when  //  becomes  numerically  equal 

to  the  number  of  units  of  stress  in  the  member  for  a  unit  load  placed  at  the  given  joint. 

Eq.  (3)  now  becomes 

d  =^  uz (4) 

But  z  is  any  deformation  in  any  one  member  for  which  //,  the  partial  deflection  at  the 
joint,  is  to  be  found.     The  elastic  deformation  of  the  member,  in  inches,  under  the  action  of 

a  direct  force  is  z  =  ^^,  where/  is  the  .stress  per  square  inch  in  the  member;  /is  the  length 
in  inches ;  and  E  is  the  modulus  of  elasticity  in  pounds  per  square  inch.     We  may  now  write 

<i  =  ^,      .    .^ (5) 

or,  by  summing  up  all  the  partial  deflections,  we  would  have,  as  the  total  deflection  of  the 
joint  resqlting  from  the  deformation  of  all  the  members  of  the  truss, 

D=2d=.2^.. (6) 

Hence  follows  Proposition  II. 

It  will  be  clear,  upon  reflection,  that  u  and  /  may  or  may  not  have  like  signs,  depending 
on  the  character  of  the  loading  (as  to  p)  and  upon  the  position  of  the  joint  in  question  (as 
to  «).     For  a  truss  supported  at  the  ends  and  symmetrically  loaded,  /  and  u  will  always  have 

like  signs  when  the  deflection  of  the  middle  joint  is  desired.    In  summing  -jr  for  all  members, 

therefore,  attention  must  be  given  to  the  signs  of  these  products,  and  the  algebraic  sum  taken, 
lu  applying  this  in  practice  we  always  know/,  the  unit  stress  in  every  member  for  the  as- 
sumed load  on  the  structure,  also  its  length  /,  and  its  modulus  of  elasticity  E,*  It  remains  there- 
fore only  to  find  //  for  every  member.  Since  this  is  a  pure  ratio,  equal  to  the  number  of  units  of 
stress  in  that  member  for  i  lb.  placed  at  the  point,  we  simply  put  i  lb.  at  the  point  whose  move- 

*  This  modulus  of  elasticity  is  now  known  to  be  very  constant  for  all  grades  of  wrought  iron  and  steel,  ..nd 
hence  the  d«flection  movements  can  be  computed  with  great  accuracy. 
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ment  is  desired  and  find  the  resulting  stress  in  every  member,  either  algebraically  or  graphi- 
cally.    This,  then,  is  to  be  considered  as  an  abstract  quantity,  being  in  fact  a  pure  ratio,  and 

pi 
the  factor  of  reduction  by  which  the  distortion  -^  of  each  member  is  reduced  to  the  resulting 

movement  of  the  point.  This  point  would  usually  be  the  end  of  a  cantilevered  arm,  as  in  a 
swing  bridge,  or  the  middle  point  of  a  truss  supported  at  the  ends.  It  may,  however,  be  any 
point,  and  the  truss  may  be  of  any  design,  so  long  as  the  stresses  are  all  direct  tension  and 
compression.  The  formula  can  take  no  account  of  any  bending  stresses  nor  of  any  lost  motion 
at  joints.  This  formula  may  be  applied  to  all  kinds  of  trussed  forms.  The  load  on  the  truss 
may  be  any  assumed  load  whatsoever  for  which/,  the  unit  stresses,  are  computed.  But  the 
one-pound  load,  for  finding  u  for  each  member,  must  be  put  at  the  point  whose  movement  is 
desired  and  must  act  in  the  direction  of  such  movement.* 

The  truth  of  Proposition  III  is  also  nearly  self-evident.  If  the  paths  be  conceived  a. 
india-rubber,  all  taut  and  ready  to  act  in  resisting  distortion,  then  for  a  given  distortion  the 
load  will  divide  itself  over  the  paths  in  proportion  to  their  several  resistances  to  distortion. 
But  the  degree  of  resistance  to  a  given  distortion  is  a  measure  of  the  rigidity  of  the  body. 
Hence  we  may  say  the  load  divides  itself  among  the  paths  in  proportion  to  their  respective 
rigidities. 

201.  Deflection  Formula  for  a  Pratt  Truss. — For  approximate  or  working  values  of 

the  deflection  of  any  style  of  truss  we  may  obtain 
a  formula  which  is  readily  evaluated,  provided 
we  may  assume  some  average  values  for  in- 
tensities of  the  tensile  and  compressive  stresses. 
Thus  for  a  Pratt  truss,  single  intersection,  of  an 
even  number  of  panels,  we  may  use  pt  for  the 
mean  tensile  stress  and  Pc  for  the  mean  com- 
pressive stress,  E  for  the  modulus  of  elasticity, 
d  for  the  panel  length,  h  for  the  height  of  truss^ 


II  for  the  number  of  panels,  and  obtain  (referring  to  Fig.  258) 


For  the  Upper  Chord 


For  the  Lower  Chord 


ISi^^ 


«  Mr«  in  - 


-2); 


%Ek 
Pi 


[«(«-2)  +  8]; 


For  the  Web  Tension  Membera      "     =  -^Jt  —  3)  (A*  -f^*^ 


For  the  Hip  Struts 


For  the  Verticals 


•  •  (s> 


♦  This  elegant  propositipAin  framed  structures  was  first  published  in  America  by  Prof.  Geo.  F.  Swain  in  iht  Journal 
of  the  Franklin  InstWut'e,  April,  May,  and  June  1883.  The  proposition  was  first  given  by  Lam6,  and  afterwards  amplified 
and  its  application  extended  by  Maxwell  and  Jenkin.  in  England,  antTby  Mohr  and  Winkler,  in  Germany.  In  Prof. 
Swain's  treatment  the  proposition  is  based  on  the  principle  of  virtual  velocities,  and  he  uses  it  for  finding  the  stresses 
in  various  styles  of  trusses,  particularly  arches  and  continuous  girders.  The  proof  given  above  based  on  the  equality 
between  the  external  work  of  deformation  and  the  internal  work  of  resistance  is  much  simpler  in  its  conception  and 
shorter  in  its  method.  The  projjp^iiqn  may  also  be  proved  by  the  principle  of  least  work.  The  most  frequent  use  for 
this  propositi9a- probably  occurs  in  connection  with  the  deflection  of  structures  rather  than  in  the  computation  of  stresses. 
TTfier'the  distortions  of  the  several  members  have  been  found,  the  change  of  positioa^  every  joint  in  the  structure 
r  be  obtained  graphically  by  means  of  Williot  diagrams,  which  are  themselves  an  elegant  application  of  the  gmphical 


may 


method.     See  a  paper  on  The  Distortion  of  a  Framed  Structure  Graphically  Treated  by  David  Molitor  in  The  Journal 
of  the  Association  of  Engineering  Societies,  June  1894.     By  this  method  both  the  horiiontal  and  the  verdcftl  displace- 
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Whence  for  the  whole  truss  the  total  deflection  of  the  middle  point  for  a  full  load  is 

Adhere  /,  =  average  unit  stress  of  tension  members ; 

A  =  average  unit  stress  of  compression  membeiB ; 
E  =:  modulus  of  elasticity  for  all  members ; 
h  =  height  of  truss  in  inches ; 
d  =  panel  length  in  inches  ; 
n  =  number  of  panels  in  bridge. 
It  will  be  noticed   that  in  this  case  there  is  nothing  to  sum  but  u  for  each  member,  as 
f  •oiii)ed   above  in  eqs.  (s),/,  /,  and  E  being  constant  for  all  the  members  of  a  group.     Also 
f.r  such  members  as  give  a  value  of  «  =  o,  as  for  the  middle  vertical  and  the  end  hanger,  they 
arc  of  course  omitted,  or  rather  count  for  nothing  in  the  summation.     This  means  that  these 
two  members  do  not  in  any  way  contribute  to  the  deflection  of  the  middle  point. 

Numerical  Example. — ^Take  a  Pratt  truss,  200  feet  span,  of  twelve  panels,  with  a  height  of  400  inchesr 
or  33  ft.  4  in.,  the  panel  length  being  200  inches.  If  the  average  maximum  tensile  stress  for  both  dead  and 
live  load  be  taken  as  10,000  lbs.  per  square  inch  and  the  average  compressive  stress  as  7000  lbs.  per  square 
inch,  the  total  deflection  is  readily  found  from  eq.  (6)  to  be  249  inches, 

202.  Relative  Deflection  from  Web  and  Chord  Stresses. — By  adding  the  deflection 
increments  due  to  web  members  and  those  due  to  chord  members,  we  may  obtain^ 


For  Chord,  2^  =  ^[(«(«  -  2)  +  8)A  +  («  +  4)(«  -  2^] ; 


ZEh 


ForWeb.         «    =  ^[(«  _  2)  (^  +  rf  Y«  +  ((«  -  2)^  +  2^J  • 


.     .    .    (7) 


If  we  should  assume  that  the  average  stress  in  the  compression  members  is  0.7  that  in 
the  tension  members  ot  p,  =  o.jPt ,  we  may  Mrrite, 


For  Chords,  2^  =  ^('-r**  -  0.6«  +  2-0 ; 


•       •       • 


(8) 


Whence 


Deflection  from  web    ^  (M»  - '3.6)g)  +  4^  -  ^ 
Deflection  from  chords  l.jn*  —  0.6n  +  24  ^'' 

This  ratio  increases  as  ^  increases,  and  decreases  as  n,  the  number  of  panels,  or  length  of 

bridge,  increases. 

For  a  Pratt  truss  bridge  of  200  feet  span,  of  ten  panels,  and  a  height  of  30  feet,  this 
fraction  becomes  ff  or  96.4^. 

That  is  to  say,  for  such  a  span  and  for  the  assumptions  made,  the  deflection  from  web 
distortion  is  about  equal  to  that  from  chord  distortion. 

A  Whipple  truss  is  simply  a  pair  of  Pratt  trusses  joined  into  a  double  intersection  system, 
and  hence  the  deflection  of  the  combination  is  to  be  computed  by  taking  one  of  the  systems 
alone. 


mrnts  of  every  joint  in  ihe  struciiire  are  obtained  by  a  single  graphical  construction.  If,  however,  only  the  vertical 
deflection  of  a  single  point  in  a  structure  is  desired,  the  graphical  method  offers  no  advantages  over  the  algebraic  method 
here  given. 
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Thus  for  such  a  bridge,  400  feet  long,  with  twenty  panels  of  20  feet  each,  the  panel  length 
for  one  system  would  be  40  feet.  Let  the  height  be  60  feet,  whence  we  would  have  n  =  10^ 
rf  =  40,  A  =  60. 

For  this  case  equation  (9)  would  give  exactly  the  same  as  before,  since  n  is  the  same  and 

^  gives  the  same  ratia 

For  the  case  when  -j  is  large  and  n  small,  as  for  a  bridge,  say,  of  eight  panels,  of  1 5  feet 
each,  with  a  height  of  25  feet,  we  should  find 


Deflection  from  web 
Deflection  from  chords  ~  106.6 


142.8  _ 

SS  ^  ^   — "    I. 


34* 


That  is,  for  such  a  case  the  deflection  from  the  web  system  is  1.34  times  that  from  the  chord 
system.  On  the  other  hand,  if  the  height  is  about  equal  to  the  panel  length,  and  the  number 
of  panels  is  large,  as,  for  instance,  n  =  12  and  A  =  ^,  then  we  would  find  that 

Deflection  from  web    _  28.4  _ 
Deflection  from  chords  ""  60  "" 

Or,  in  this  case,  the  deflection  from  web  would  be  only  about  half  that  from  the  chords,  or 
one-third  the  total  deflection  of  the  bridge. 

In  general^  it  may  be  said  that  the  deflection  of  a  truss  bridge  from  the  web  stresses  is 
about  equal  to  that  from  the  chord  stresses.*  This  is  directly  contrary  to  the  usually  re- 
ceived opinions  of  engineers,  who  generally  assume  that  the  deflection  from  web  stresses  is 
relatively  insignificant.  It  is  probable  that  Mr.  Stoney  is  largely  responsible  for  this  generally 
accredited  opinion,  as  explained  above. 

203.  The  Effect  on  the  Deflection  of  changing  the  Height  of  the  Truss,  everything 
else  remaining  the  same. — We  may  differentiate  equation  (6)  for  h  variable  and  find 


^.^*!t--fe±#!^+(«-.ft 


|^(«-a)4^-(«  +  aX|. 


(10) 


This  is  the  change  in  the  deflection  for  a  change  of  one  inch  in  the  height  of  the  truss. 

Putting  this  quantity  equal  to  zero,  and  solving  for  A,  we  find  the  height  of  truss  which 

give  a  minimum  deflection  to  be 

n  +  2    fui* 

^  n  —  2'    4  ' 


A' 


or 


(n) 


for  a  minimum  deflection* 

From  eq.  (11)  we  find  that  for  a  minimum  deflection,  or  for  a  maximum  stiffness,  for 
given  working  unit  stresses,  the  height  of  this  stiffest  truss  has  the  following  values : 

TABLE  OF  HEIGHT  OF  PRATT  TRUSSES  OF  MAXIMUM  STIFFNESS. 


Height 

1.73^ 

1.73^ 

1.83^ 

1.94^ 

a.o5<< 

2.16^ 

3.27</ 

3.37</ 

3,43^ 

No.  of  panels. . 

4 

6 

S 

10 

13 

14 

16 

7.1 

18 

so 

Length 
HeigiK    

8.3 

3.4 

4.3 

5.3 

5.9 

6.7 

7-7 

a.$ 

*  See  numerical  example  in  Art.  205. 
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Or  we  may  say  that  for  maximum  stiffness  for  a  given  amount  of  material  the  height  of  the 
truss  should  vary  between  if  and  2\  times  the  panel  length  and  from  0.43  to  0.12  of  the 
length  of  the  span,  as  the  number  of  panels  varies  from  4  to  20.  These  heights  being  very 
jiearly  those  used  in  the  present  practice  of  bridge  designing,  there  is  no  new  moral  to  be 
pointed  from  this  conclusion. 

To  show  that  the  most  economical  truss  is  also  the  most  rigid,  let  ^=  actual  uniform 
joint  loads,  2(^/)  =  sum  of  all  joint  deflections,  P  =  stress  in  any  member  due  to  the  loads 

P 
W^  l=i  length  and  A  =  area  of  cross-section  of  any  member,  /  =  -j,  and  E  =  modulus  of 

elasticity.    Then  the 

External  Work  z=  ^W2{d)  =:  Internal  Work  -  isi^P^I^  .    .    .    (l) 

If  we  assume  /  to  be  a  constant  for  the  entire  structure  for  this  full  load,  then 

WE 

•  2{d)  =  2{Al)  =  volume  of  the  entire  truss.    ••••••    (2) 

Evidently  when  2{A/)  is  a  minimum  2(d)  must  also  be  a  minimum.  Hence  the  lightest 
truss  is  also  the  most  rigid  for  constant  stress  per  square  inch  in  the  members. 

204.  Inelastic  Deflection. — It  must  also  be  understood  that  neither  the  general  equation, 
(4)^  nor  the  particular  one  for  a  Pratt  truss,  (6),  makes  any  provision  for  the  inelastic  deflection 
due  to  any  slack  at  the  joints  from  pin-holes  being  larger  than  the  pin.  Since  this  slaqk  would 
be  only  one-half  the  difference  between  diameter  of  hole  and  that  of  pin  at  each  end  of  the 
member,  probably  an  average  value  of  0.02  inch  would  be  about  right  for  every  member  of 
a  well-constructed  bridge.  Now  this  affects  the  web  as  well  as  the  chord  members,  and  it  is 
equivalent  to  lengthening  every  tension  member  and  shortening  every  compression  member, 
except  those  in  the  top  chord,  by  this  amount.  The  top  chord  would  be  considered  one 
member  from  end  to  end.  The  effect  of  such  lengthening  or  shortening  of  any  member  on 
the  deflection  is  given  by  the  same  ratio  u^  so  that  the  deflection  caused  by  this  slack  on  any 
member  is  0.020,  using  the  u  for  that  member.  In  other  words,  the  total  inelastic  deflection 
from  joints  would  be 

Inelastic  Deflection  =  /X  s  o.022ut (12) 

temembering  to  take  but  one  u  for  the  top  chord,  and  that  one  for  the  end  paneL  If  the  top 
chc  ^d  is  cut  at  every  panel  joint  and  the  sections  rest  on  pins,  which  is  seldom  the  case,  then 
all  the  u*s  must  be  summed. 

For  a  Pratt  truss,  of  an  even  number  of  panels,  with  top  chord  provided  with  riveted 
cover  {dates  and  planed  joints,  we  have 

Inelaftfc  Deflection  «Zy==ox>22«  =  ^r(^-- If +8)rf+2(«  (13) 

For  the  Pratt  truss,  used  in  the  above  example,  where  it  s  12,  A  =  400,  and  d  =  200 
being  200  feet  long,  we  find  the  inelastic  deflection  to  be  equal  to  0^94  inch.     For  the  condi 
tions  named,  therefore,  the  total  deflection  of  this  truss  would  be  249  4-  049  =  2.98  inches,  oi 
say  3  inches. 

This  is,  of  course,  the  total  deflection  due  to  both  dead  and  live  load,  when  the  maximum 
load  is  on,  or  it  is  the  amount  by  which  the  bridge  should  be  cambered  to  bring  it  horizontal 
under  its  maximum  working  load. 
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205.  Numerical  Computation  of  Deflection. — The  truss  shown  in  Fig.  259  is  one  from 
a  highway  bridge  on  Twenty-first  Street,  St.  Louis,  erected  in  1892.  The  following  is  a 
tabular  computation  of  the  deflection  of  this  bridge  under  its  full  live  load  only.  The  deflec- 
tion is  found  for  the  centre  (/),  and  hence  the  i-lb.  load  is  placed  at  this  point  for  computing 


Fio.  259. 

u.  Two  Maxwell  diagrams  gave  both  u  and  the  total  stress  in  the  members  for  full  load 
Since  both  the  loading  and  the  deflection  point  are  symmetrical,  we  may  find  the  values  for 
one-half  only  of  the  truss  and  then  multiply  the  final  result  by  two  for  the  corresponding 
members  on  the  other  half  of  the  truss. 

COMPUTATION  OF  DEFLECTION  AT  CENTRE  OF  TRUSS. 


Member. 

Length  in 
Inches. 

Stress  from  Live 
Load. 

Area  of  Sec- 
tion inSquare 
Inchesw 

Stress  per  Square 
Inch.    /. 

^. 

u. 

Contribution  to  Trust 
Deflection  s  ^. 

AB 

247 

-  169,000 

60 

[-2,800 

V  .0247 

-0.38 

-0.0094 

BC 

246 

- 

-274,000 

60 

- 

'  4.570 

-  .0401 

-    .69 

-     .0277 

CD 
DE 

245 
244 

^^ 

-  337,000 
I-  364.000 

77 
77 

•" 

-  4,380 

V  4,730 

-  .0383 

-  .6381"^ 

-  .96 

-  1. 21 

-  .0368 

-  .0461 

EF 

244 

- 

-  377,000 

77 

- 

-4,890 

-  .0426 

I-I.5I 

-     .0643 

be 

244 

—  165.000 

31.5 

-  5.240 

-  .0457 

-0.37 

-     .0169 

€d 

244 

—  272,000 

49 

-  5.550 

-  .0483 

-    .68 

-     .0328 

de 

244 

—  333.000 

61.2 

-  5,440 

—  .0474 

-    .95 

-     .0450 

^/ 

844 

—  361,000 

69.1 

-  5,220 

-  .0455 

—  1.20 

-     .0546 

Half  sum  =  -f"  0.3336 

2 


Total  Deflect 

ion  J 

rom  the  distortion  of  Chords  = 

0.6672  in. 

.       Ai^ 

yn 

—  257.000 

49 

-  5,240 

—  .0706 

—  0.58 

h  .0409 

Be 

408 

—  228.000 

33 

—  6,910 

—  .1007 

-     .51 

-  .0514 

Cd 

435 

—  110.000 

24 

-4,580 

—  .0712 

-    .49 

-  .0349 

De 

458 

-    53,000 

15 

-  3,530 

-  .0577 

-    .47 

-  .0271 

^ 

476 

—    31,000 

II. 2 

-  2,770 

-  .0471 

-     .60 

-  .0283 

Bh 

327 

- 

-  148,000 

36.5 

- 

-  4,050 

- 

-  .0473 

-    .44 

-  .0208 

Cc 

360 

- 

-    93,000 

24.5 

- 

-3,800 

- 

-  .0489 

-      41 

-  .02C0 

Dd 

387 

- 

-    41*000 

32.5 

- 

-  1.820 

- 

-  .0252 

-    .41 

-  .0103 

Be 

408 

" 

h    7,800 

aa.s 

• 

h    350 

~ 

h  -0051 

h   .40 

-  .0020 

+  .2357 

a 

Total  Deflection  from  distortion  of  Web  =  4-  o .  4714  in. 

Total  Elastic  Deflection  of  Truss  for  Live  Jjmd  =       1 .  1386  in. 
Percentage  of  Deflection  due  to  Web  Members      =    41.4 

200.  Camber  of  Bridges.^-A  bridge  is  cambered  partly  for  appearance  and  partly  that 
the  top  chord  joints  may  come  to  a  square  bearing  when  the  maximum  load  is  on.  It  o{ 
course  adds  nothing  to  the  strength  of  the  bridge. 


*  The  member  Aa  being  a  heavy  tower,  it  is  not  included  in  the  table. 
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The  camber  should  equal  the  total  deflection,  being  the  elastic  deflection  due  to  the 
maximum  dead  and  live  loads  and  the  inelastic  deflection  due  to  lost  motion  at  the  joints. 

The  general  formulae  for  these  two  kinds  of  deflections  are  (4)  and  (12),  and  for  a  Pratt 
truss  they  are  given  by  equations  (6)  and  (13)  respectively. 

A  Whipple  or  any  double  intersection  truss  with  parallel  chords  may  be  considered  as 
two  Pratt  trusses  which  must  deflect  together ;  and  hence  equations  (6)  and  (13)  may  be  applied 
to  them,  being  careful  to  take  n  and  d  for  one  system  only.  That  is,  n  would  equal  one-half 
the  total  number  of  actual  panels  and  d  would  equal  the  length  of  two  panels  of  the  double 
system. 

There  is  no  question  but  that  present  practice  of  allowing  the  uoper  chord  to  spread  at 
top  where  the  sections  join,  relying  on  its  closing  up  when  the  maximum  load  is  on,  is  a  poor 
one.  If  the  cover  plates  are  thin  and  the  number  of  rivets  few,  then  these  joints  do  actually 
open  and  close  at  top  for  every  passing  train.  If  heavy  cover  plates  on  both  top  and  sides 
and  a  sufficient  number  of  rivets  are  used,  then  as  this  joint  is  riveted  up,  so  it  will 
remain.  In  this  case  it  should  be  riveted  up  in  a  horizontal  position,  and  then  cambered  up 
to  its  final  position  by  bending  it  as  a  whole  from  end  to  end.  This  can  readily  be  done  if  the 
chord  be  riveted  up  before  the  bridge  is  swung.  It  would  have  to  be  supported  horizontally 
and  all  pins  inserted  except  one  at  bottom.  After  riveting  up  the  top  chord  the  truss  could 
be  jacked  upand  the  last  joint  closed.  The  upper  chord  will  then  bend  bodily  from  end  to 
end  and  there  will  be  no  movement  of  the  splice.  One  can  see  that  the  upper  chord  of  a 
200-foot  span  will  readily  bend  3  inches,  if  this  bending  is  continuous,  without  serious 
damage ;  whereas,  if  it  had  all  to  occur  at,  say,  five  or  six  joints,  it  would  be  a  source  of 
weakness. 

In  case  the  ends  of  the  channels  should  be  cut  square  so  as  to  come  to  a  full  bearing  for 
the  maximum  load,  but  riveted  up  with  the  camber  in,  then  for  all  ordinary  loads  the  stress  is 
all  thrown  on  the  bottom  flanges  of  the  chord  channels.  It  may  be  asserted  that  no  serious 
damage  would  result,  but  it  is  at  best  a  very  unskilful  way  of  carrying  this  stress  across  the 
spliced  section. 

207.  Errors  caused  by  Neglecting  Deflections  due  to  Web  Distortions.— In  all 
computations  of  stresse*^  in  metallic  structures  based  on  the  deflections,  or  distortions,  of  the 
structure  from  internal  stresses,  the  ordinary  formulae  give  erroneous  results. 

Thus  In  computing  the  stresses  in  a  continuous  girder  caused  by  the  settlement  of  its 
supports,  or  the  temperature  stresses  in  an  arch  between  fixed  abutments,  or  the  stresses  in  a 
stiffening  truss  of  a  suspension-bridge,  the  stresses  are  in  all  these  cases  functions  of  certain 
assumed  or  computed  distortions.  These  distortions  are  always  assumed  to  result  in  cert.nin 
bending  moments  only,  and  to  be  wholly  provided  for  by  the  strains  of  the  chords.  No 
assistance  in  accommodating  this  distortion  is  credited  to  the  web  members.  By  whatever 
proportion  this  distortion  is  absorbed  by  the  web  members,  the  stresses  in  the  chord  members 
are  reduced  below  those  now  computed  for  them. 

In  the  case  of  metallic  arches,  and  stiffening  trusses  on  suspension-bridges,  the  distortion 
absorbed  by  the  web  is  small  because  the  trusses  are  shallow  as  compared  to  their  length. 

The  relative  absorption  by  the  web  of  the  horizontal  distortion  of  the  St.  Louis  arches 
due  to  a  change  of  temperature  is  only  about  one-sixth  of  the  total  amount.  In  the  compu- 
tations it  was  all  assumed  to  go  into  the  chords,  or  tubes. 

In  the  case  of  a  continuous  girder,  however,  the  depth  would  be  great  in  proportion  to  the 
span,  and  here  the  computation  of  stresses  due  to  a  settlement  of  supports  (not  supports  out 
of  level  as  usually  stated,  for  if  the  bridge  be  built  to  rest  on  such  supports  the  formulae  apply) 
should  take  account  of  the  deflection  which  may  be  attributed  to  the  web  system.  Otherwise 
the  computed  stresses  in  the  chords,  for  this  case,  would  be  about  twice  their  actual  amount. 


26o 


MODERN  FRAMED  STRUCTURES. 


2olB.  The  Determination  of  Stresses  in  Redundant  Members. — ^Redundant  members 
of  a  framework  are  those  members  which  are  in  excess  of  the  minimum  number  required  to  make 
the  framework  a  rigid  structure,  that  is,  one  which  is  fixed  in  form  except  for  small  changes  due 
to  stress.  The  triangle  is  the  truss  element,  and  the  least  number  of  members  required  to  fix  the 
relative  position  of  a  given  number  of  points  may  be  determined  by  conqjeiving  the  truss  made  up 
of  triangles.  The  first  elemental  triangle  has  three  sides  and  fixes  three  points.  To  fix  each  addi- 
tional point  requires  two  additional  sides,  or  members;  hence  if  w=s total  number  of  points  and 
n»  total  number  of  necessary  members,  we  have  the  relation 


»— 3=2(w— 3),       whence       »=2f»— 3.  . 


(14) 


Whether  a  truss  has  redundant  members  can  usually  be  ascertained  by  inspection,  but  in  com 
phcated  cases  it  may  be  convenient  to  employ  the  foregoing  rule,  noting  carefully,  however,  that 
every  part  of  the  structure  has  sufficient  members  for  the  stability  of  that  part. 

Applying  this  rule  to  the  truss  of  Fig.  262,  we  have  ^=14  and  hence  n=2$.  The  actual 
number  of  members  is  26,  hence  there  is  one  redundant  member.  This  is  a  famiUar  case 
Another  common  example  of  redundancy  is  where  two  diagonals  are  used  in  the  same  quadrilateral. 
Usually  they  are  both  rods  or  bars  and  incapable  of  carrying  compression,  and  the  assumption 
that  they  act  only  in  tension  enables  their  stress  to  be  determined  by  the  methods  of  statics.  If 
they  are  built  to  take  both  tension  and  compression,  the  stresses  cannot  thus  be  determined. 

Every  redundant  member  introduces  one  unknown  quantity  in  excess  of  the  number 
determinable  by  statics;  hence  a  structure  is  said  to  be  singly  or  doubly  indeterminate  as  it  has 
one  or  two  redundant  members,  etc. 

The  calculation  of  the  stresses  in  structures  with  redundant  members  is  made  possible  by 
determining  the  relation  between  the  distortion  of  the  necessary  members  and  of  the  redundant 

members.     For  this  purpose  the  general  formula  for  deflection,  d=I  -rr-,  may  be  utilized.   For 

this  purpose  it  will  be  convenient  to  replace  the  unit  stress  p  by  the  total   stress  divided  by  the 
cross-section  of  the  member,  and  write 

Sul 


D  =  I 


aE 


(15) 


in  which  Z>  =  deflection  or  movement  of  any  joint  in  any  given  direction  due  to  any  loading,  5= 
total  stress  in  any  member  due  to  this  loading,  t*= factor  of  reduction = numerically  the  stress  in 
the  member  due  to  one  pound  applied  at  the  point  whose  movement  is  desired  and  acting  in  the 
given  direction,  and  /,  a,  and  E  are  length,  cross-section,  and  modulus  of  elasticity  of  the  member. 
Let  AB  represent  any  structure  loaded  in  any  manner  (at  joints  only)  and  havnng  one  redun- 
dant member.  In  this  case  any  member  may  be  taken  for 
the  redundant  member;  we  will  take  member  6.  The  truss 
is  hinged  at  A  and  supported  on  rollers  at  B,  Let  5i,  5*2, 
Ss,  etc.,  be  the  stresses  in  the  several  members,  as  yet  un- 
known. ^0  is  the  stress  in  the  redundant  member.  Repre- 
sent lengths,  cross-sections,  and  moduli  of  elasticity  by  /j,  /,, 
etc.,  fli,  ^2,  etc.,  and  E^,  E^,  etc.,  respectively. 

The  desired  elastic  relation  can  be  obtained  by  consider- 
ing the  movement  T)f  B  rclative#to  A.     Under  the  loads  the 
point  B  moves  (deflects)  towards   the   right   a  distance  D.     If  the  stresses  in  all  the  member^ 
were  known,  or  their  distortions,  this  movement  could  readily  be  calculated  by  tq.  (15).     It  Could 
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be  calculated  in  two  ways.  Since  members  i  to  5  form  a  rigid  framework,  the  distortions  m 
these  members  alone  would  be  sufficient  data  to  determine  D.  The  value  of  D  is  also  evidently 
equal  to  the  actual  elongation  of  member  6.    By  the  first  method  we  have 

^■-^^•^' (^) 

and  by  the  seoond 

"-s.- <« 

In  (a)  note  that  5*  is  the  actual  stress  in  any  of  the  jive  members,  u  is  the  factor  of  reduction,  equal 
to  the  stress  in  the  member  due  to  i  pound  applied  at  B  towards  the  right,  the  member  6  being 
removed.    The  sign  Si  indicates  a  summation  for  members  i  to  5.    In  (6)  the  minus  sign  is  used 
because  tension  has  been  called  —   and  compression  +. 
The  deflections  from  (a)  and  (6)  being  identical,  we  have 

S^a      „ ,  Sid 

-tir^'-^ ('^> 

Now  the  total  stress  S  in  any  member  may  be  considered  as  made  up  of  two  parts:  (a)  a  stress 
which  would  be  caused  by  the  external  loads  with  member  6  removed,  and  (6)  a  stress  due  to  forces 
at  A  and  B  equal  to  the  stress  in  member  6.  The  first  part  is  readily  calculated  by  the  usual 
methods  of  statics;  call  this  part  5'.  The  second  part,  5",  can  also  be  calculated  when  S^  is 
known.  Noting  that  u  is  the  stress  in  any  member  due  to  i  pound  acting  towards  the  right  at  B 
(reaction  at  A  is  also  i  pound),  it  is  evident  that  S''  is  equal  to  Sja.  Hence  we  may  write  the 
general  relation 

5=y+5eW. (17) 

Substituting  this  value  of  S  in  eq.  (16),  we  have 
whence  we  derive 


^•— T u^i ('^ 


a.E'  '^'aE 


'e-^ti 


The  form  of  expression  is  evidently  the  same  no  matter  how  many  necessary  members  there 
may  be.  If  n  is  the  number  of  such  members  and  r  is  the  redundant  member,  we  may  write  the 
more  general  expression 

^  '  aE  ,    . 

•^r- i ,j, (t9) 

arE/^'aE 

in  which  it  is  to  be  noted  that  5'  is  the  stress  in  any  of  the  n  members  due  to  the  given  loads,  with 
the  redundant  member  removed;  and  u  is  the  stress  due  to  a  force  of  i  pound  acting  at  the.  joints 
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where  the  redundant  member  is  attadied,  or  it  may  be  thoxight  of  as  thiB  stress  due  to  i  pound 
compression  in  the  redundant  member. 

In  eq.  (19)  all  quantities  in  the  second  member  are  easily  calculated,  hence  Sr  may  be  deter- 
mined. Then  from  eq.  (17)  the  stress  in  any  other  member  may  be  readily  found.  For  struc- 
tures in  which  E  is  constant,  like  all-steel  structures,  the  quantity  E  may  be  omitted. 

Example  i. — Let  it  be  required  to  calculate  the  stresses  in  the  structure  of  Fig.  260,  assuming 
the  following >data:  Span  length  =  30  ft. ;  height  =  15  ft. ;  length  of  member  5=7.5  ft. ;  Pj  —40000  lbs. ; 
P,  =  10000  lbs.;  Pj==  30000  lbs.  The  cross-sections  will  be  assumed ut  4  sq.  in.  for  i  and  2,  3  sq.  in. 
for  3,  4,  and  6,  and  2  sq.  in.  for  5.  The  calculations  are  given  in  a  convenient  form  in  the  table  below. 
The  first  three  coltimns  contain  the  given  data.     The  stresses  5'  are  then  calculated  with  member 


Member. 

/ 

a 

y 

u 

a 

S'u/ 
a 

a 

S.U 

^ 

I 

255' 

4 

+  109.2 

+  I.4I' 

+    89.5- 

-h    9760 '^ 

+    126' 

-     66.4 

+  42.8 

2 

255' 

4 

-f  119.2 

-f  I.4I' 

+    89.5' 

4-  1 0650' 

-h    126* 

—    66.4 

+  53-8 

3 

201 

3 

-  94.0 

-2.23 

-149-5 

4- 14050 

+   348^ 

+  105.0 

+  11.0 

4 

201 ' 

3 

-  94.0 

-2.23 

-149-5 

+  14050' 

+    348^ 

+  105.0 

-j-II.O 

5 

90 

2 

—  114. 2 

-^2.00 

—  90.0- 

-h 10280- 

-f    180 

+    94.2 

-  20.0 

6 

360  • 

3 

-*-=I20. 


+  58790  +II28 

^  ^  58790      ^ 

•  II28+I2O 


47-"« 


AB  removed,  also  the  stresses  u  due  to  i  potuid  applied  at  5.     It  is  then  convenient  to  calculate 

ill 

— ,  and  from  this  the  values  of  the  next  two  columns.     Then  from  the  summations  of  these  values  and 
a 

the  value  of  — ,  .Se  is  obtained.     Then  the  values  of  5,w,  and  finally  the  values  of  5  from  eq.  (17). 

Example  2. — Fig.  261  shows  the  common  case  of  two  diagonals  of  a  panel  of  a  lateral  system. 
Members  i  and  2  are  chord  members,  3  and  4  are  struts,  and  5  and  6  are  diagonals,  assumed  for  the 

present  to  be  able  to  take  either  tension  or  compression.  A  sheaf 
of  8000  lbs.  is  assumed  to  exist  in  the  panel,  and  other  forces  are 
introduced  to  give  equilibrium.  The  other  data  are  given  in  the 
table.  Member  6  is  assumed  to  be  the  redundant  member.  The 
cross-sections  of  i  and  2  are  so  large  that  they  may  be  assumed  as 
rigid  compared  to  5  and  6.  The  result  shows  that  6  receives  a  Compres- 
sion of  6.85,  and  5  a  tension  of  6.1.  If  members  3  and  4  were  also 
assumed  rigid,  the  resulting  stresses  in  5  and  6  would  be  numerically 
equal,  each  member  carrying  one-half  of  the  shear;  and  for  all  prac- 
tical purposes  this  may  always  be  assumed  to  be  the  case.  A  common  example  of  stiff  diagonal 
bracing  is  the  usual  cross-bracing  between  plate  girders. 


iflfiO^ 


woo 


^ 20^ >| 


Ym.  261. 


Member. 

I 

a 

S' 

ti 

Hi 

a 

S'ul 

a 

S^u 

s 

I 

240 

large 

+  10.0 

-   .783 

0 

0 

0 

-5-3 

+4.7 

2 

240 

large 

+  10.0 

-   .783 

0 

0 

0 

-5-3 

+4.7 

3 

192 

6 

+  8.0 

+    .625 

—    20.0 

—     160 

+    12.5 

-4.3 

+3.7 

4 

192 

6 

+  8.0 

+    .625 

—    20.0 

-    160 

+    12.5 

-4.3 

+  3-7 

5 

307 

I 

—  12.9 

+  1.0 

+  307-0 

-3960 

+  307-0 

+  6.8 

-6.1 

6 

307 

I 

—4280 


4. 


307- 


5.-- 


+332. 
—4280 


307+332 


+6.70. 


If  5  and  6  are  tie-rods  and  are  given  an  initial  tension,  then  the  resulting  stress  in  each  tie-rod  will 
ec^ual  the  initial  tension  plus  the  stresses  above  given.  As  soon  as  the  compressive  stress  in  6  equals, 
the  initial  tension,  then  this  rod  becomes  idle  and  the  other  carries  the  entire  shear,  as  usually  assumed. 
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A  similarcondition  exists  with  reference  to  the  counters  of  a  truss,  excepting  that  the  areas  of  the  two 
diagonals  are  not  usually  equal,  and  the  shear  is  carried  approximately  in  proportion  to  their  areas. 

Example  3.— A  complete  analysis  will  be  made  of  the  double  triangular  truss  of  Fig.  262.  To 
do  this  it  is  only  necessary  to  calculate  the  stresses  in  all  the  members  for  a  load  of  unity  on  each 
.  of  the  three  joints,  d,  e,  and  f.  From  symmetry  the  stresses 
for  loads  on  b  and  c  will  then  also  be  known.  Knowing 
the  stresses  due  to  a  load  of  unity  at  each  joint,  the  effect 
of  any  combination  of  loads  can  be  determined  as  in  any 
other   case.     Influence  lines  can   also   be   drawn   and   used 

for  getting  maximum  stresses.     The   three  sets  of  compu-  FW.  a6>. 

tations  are  all  given  in  the  table  below.     The  member  Aa 

is  taken  as  the  redundant  member  in  each  case,  and  for  this  member  —  =  40. 


Member. 

' 

at         1 

Jo   6 

+   .75 

+     33-5 

.125 

■35 

■375 

2.81 

-   sM-     8-44 

16 

9    - 

.007 

226  0 

be 

'     6 

-   -75 

.125 

•'5 

■375 

+ 

2-81 

■f   5-62+     8.44 

16 

9    - 

.243 

m'-    -75 

cd 

'     8 

+   -75 

+  16 

9 

-375 

■75 

■"5 

6.34 

-I2.68t-   ig.oj 

7    - 

-257 

726:-   .75 

dt 

8 

-   -75 

-  16 

9 

■375 

•75 

■375 

+ 

6.34 

-i-l2.68|+     6.34 

7    - 

-493 

7741-  -75 

*/ 

'      6 

+    -75 

-f    31 

5 

.62s 

-50 

■  125 

14.06 

-r..2s 

-   »S.3i 

16 

9    - 

-507 

4761-   .75 

'is 

'      6 

-    -75 

.62; 

-50 

+ 

■375 

+ 

+  11.25 

-     8.44 

16 

9    - 

-743 

524]      0 

'      6 

+    -75 

+     21 

\ 

0 

16 

9    + 

.118 

+ 

024.+  .375 

BC 

'     6 

-   -75 

5 

+ 

■'5 

+ 

-SO 

+ 

■75 

S-62 

-11.25 

-   16.88 

16 

9    + 

+ 

47^1+  -375 

CD 

'      8 

+    -75 

+      16 

9 

+ 

■»S 

+ 

.50 

+ 

■75 

+ 

+   8.45 

+   12.68 

7    + 

.368 

+ 

5241+i.iaS 

DE 

'      8 

-   -75 

-     16 

9 

+ 

■50 

+ 

+ 

■50 

8!4,S 

-16.90 

-   25-35 

7    + 

.182 

+ 

976  +  1.135 

EF 

'      6 

+    -75 

-(-     32 

5 

+ 

■50 

+ 

+ 

11.25 

+  22.50 

16 

9    + 

.618 

+  1 

024;+   -375 

FC 

',    6 

-   -75 

-  ai-5 

+ 

■75 

° 

+ 

-75 

- 

16. 88 

-   16.88 

16 

9    + 

-632 

+   .375 

aB         ^ 

30   6 

-t.35 

-  62.^ 

+ 

.20S 

-(- 

.417 

+ 

-62s 

_ 

13.00 

—  26.0s 

-   .39-07 

78 

1    + 

01a 

+ 

376 

Q 

Be 

'      6 

+  1.25 

+  62- 5 

.108 

.417 

.ft25 

IJ.OO 

-26.05 

-   .39-0; 

78 

376 

.  cD       1 

'      3 

+ 

.20S 

+ 

+ 

.f.2; 

26.00 

-52.10-   78.14 

■5^ 

2    + 

+ 

376 

De       1 

'      3 

+  1-25 

+  12S.O 

.108 

i4>7l- 

.62; 

26.00 

-iij.iol-   78-'4 

.^6 

376 

eF        ' 

'      6 

-  62.5 

+ 

.208 

-833 

+ 

.625 

+  52.10-  .W.07 

78 

1    + 

874 

Fg 

'      6 

+  1-J5 

+  62.5 

+ 

.8,13 

.625 

13.00 

+52.10 

78 

-012!  + 

874       0 

Ah 

■      6 

—  61.5 

0 

-8 

.[96- 

041  -   .625 

bC 

+  1.^5 

+  62..; 

1    + 

.196,+ 

041  +    .625 

Cd 

'      3 

-1.25 

-iJS-o 

i;6 

.195- 

0411-   .625 

dE 

+  ..25 

+  125.0 

-156.25 

156 

2    + 

.196 

+ 

041  -   -625 

El 

6 

-I -'5 

-  6>.S 

+ 

78 

.196 

041 1+    .625 

/G 

6 

+  I-I5 

+   62-5 

■'5 

78.i,( 

0    l-  78.12 

7** 

■  054 

+ 

041 1-   .625 

Cg       . 

to    6 
6 

-   40.0 

+ 

+ 

- 

0       1-   io.oo 

40 

0    + 

.84.1 

032,+   .50 

Aa 

_ 

- 

37-6" 

-49.30,-757.<" 

1475 

6 

~  r 

From  the  several  summations  we  have 

S,  Ooad  at  /)  =  — ~'-]^''-\  - 

'  40+1476 


157;    5r  (load  at  e)  = 


-757-9  „ 
40  +  1476 


,500. 


The  stresses  id  the  other  members  "are  then  found  as  before.    They  are  given  in  the  last  three 
columns  of  the  table. 

The  effect  of  loading  any  part  of  the  bridge  can  now  be  ascertained,  and  comparisons  made  with 
the  approximate  method  of  calculation  given  in  Chap.  IV,  based  on  the  assumption  of  independent 
web  systems.  We  first  n;te  that  a  load  at  d  causes  no  stress  in  the  web  members  aD,  Be.  etc..  and 
these  results  are  therefore  exactly  the  sam;;  as  obtained  by  the  approximate  method.  Furthermore, 
when  the  truss  is  loaded  symmetrically  in  any  manner  it  will  be  found  that  the  stresses  obtained  by  the 
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two  methods  aie  exactly  the  same.  Hence  tor  maximum  chord  stresses  and  maximum  stresses  in 
aB  and  Ab  the  usual  method  gives  correct  results.  For  imsymmetrical  loading,  however,  there  is  a 
small  error  in  the  assumption  of  independent  systems.  Thus  it  is  seen  that  a  load  of  imity  at  /  causes 
stresses  of  .012  in  each  web  member  of  the  web  system  aBc,  etc.,  and  a  load  at  e  causes  stresses 
of  .041  in  the  system  AbC,  etc.  The  true  maximirai  stress  in  Cd,  for  example,  is  found  by  adding 
the  stresses  for  loads  at  d,  e,  and  /.  This  sum  is  —.196— .041  —.625=  —.862  for  tmity  loads.  By 
the  usual  method  of  calctdation  it  is  —.833,  giving  an  error  of  .029,  about  3 J  per  cent.  For  member 
Be,  joints  c,  d,  e,  and  /  are  loaded.  Stress  for  load  at  c = stress  in  eF  for  load  at  ^  ™  —.874.  Total  in 
Be  therefore—  —.874— .012  —.376=  •- 1.262.  The  other  method  gives  1.25,  an  error  of  i  per  cent. 
It  is  evident  from  these  calculations  that  the  approximate  method  gives  results  sufficiently  accurate. 

Stresses  due  to  Errors  in  Length, — ^In  a  structure  with  redundant  members,  if  such  members 
are  not  of  exactly  the  correct  length,  initial  stresses  will  be  caused  throughout  the  structure. 
The  effect  of  a  given  error  in  length  may  be  calculated.  In  Fig.  260,  if  member  6  is  made  too 
short  by  an  amount  x,  then  the  deflection  given  by  eq.  (a)  will  equal  the  stretch  of  member  6, 
minus  x.     Or,  in  general, 

SJr           ^ « StU  ^    ^ 

^-^i^Tp^-     •    • (20) 


As  before,  S^S^  +  SrU,  but  in  this  case  5'  is  zero.     S ubstituting  in  (20),  we  derive 

a,£,     ^^   aE 

Two  or  More  Redundant  Members. — The  foregoing  analysis  has  dealt  with  but  a  single  redun- 
dant member.  Suppose  there  arc  two,  the  number  of  necessary  members  being  ».  Let  Sr  apd 
Sr^i  be  the  stresses  in  the  redundant  members,  Ir  and  1,.^^  their  lengths,  etc.  5^,  ^j,  etc.,  are  the 
actual  stresses  in  the  other  members.  Consider  the  relative  movement  of  the.  joints  connected  by 
member  r.  As  before,  this  movement  may  be  expressed  in  terms  of  the  distortions  of  the  necessary 
members  and  also  as  the  actual  elongation  of  member  r.     The  equation  is 

-^•-v?"' („, 


a^,       '    aE' 

in  which  u  is  the  stress  in  any  of  the  n  members  due  to  a  i -pound  compression  in  member  r,  the 
other  redundant  member  being  removed.  Likewise  we  can  write  a  similar  expression  for  the  distor- 
tion in  the  direction  of  member  r+ 1 ,  and  have 


(23) 


in  which  v  is  the  stress  in  any  of  the  n  members  due  to  a  i -pound  compression  in  member  r+i, 
member  r  being  removed. 

In  this  case  we  may  also  write 

S^S^+SrU+Sr^^Vf (24) 

where  5'  is  the  stress  due  to  the  external  loads,  both  redundant  members  being  remoye4-     From 
these  equations  we  may  derive  the  two  similar  equations 
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^-i^£~+^»^j  +  '^'^afi  =  --^lfi ("^> 

From  these  equations  5„  and  Sm  may  be  obtained,  and  then  5  from  eq.  (24). 

In  a  similar  manner  any  number  of  redundant  members  may  be  dealt  with,  it  being  always 
possible  to  derive  as  many  equations  as  there  are  redundant  members. 

208a.  Application  of  the  Theory  of  Redundant  Members,  or  of  Deflections,  to  Swing 
Bridges  and  Braced  Arches. — By  the  methods  above  explained  the  exact  stresses  may  be  found 
in  any  braced  arch  or  swing  bridge  when  the  cross-sections  of  the  members  are  known.  Approxi- 
mate values  of  the  stresses  may  first  be  obtained  by  the  methods  given  in  Chaps.  XII  and  XIV 
or  by  any  other  approximate  method.  The  cross-sections  can  then  be  roughly  determined  and 
the  exact  stresses  obtained,  using  these  cross-sections.  The  design  can  then  be  corrected  and, 
if  desirable,  the  computations  repeated,  but  this  would  rarely  be  necessary.  Another  approxi- 
mate method  of  getting  preliminary  stresses  is  by  assuming  all  cross-sections  unity  and  employing 
at  once  the  method  of  redundant  members. 

To  apply  the  methods  of  the  preceding  article  to  swing  bridges  of  the  form  shown  in  Fig.  225, 
p.  211,  any  convenient  member,  such  as  gh,  may  be  taken  as  the  redundant  member.  In  Fig.  229, 
GH  might  be  the  one.    In  Fig.  228  there  would  be  three,  £F,  EC,  and  BF. 

Or,  as  explained  in  Art.  178a,  for  the  forms  of  Figs.  225  and  229  one  reaction  may  be  assumed 
as  redundant.  This  is  equivalent  to  assuming  a  vertical  redundant  member  at  the  end,  having 
an  infinitely  large  cross-section;  eq.  (19)  becomes  then 

5r  (*=  reaction)  =  - — -57, (27) 

nW   If 

which  IS  the  same  as  the  formula  given  in  Art.  178a. 

In  the  case  of  the  two-hinged  braced  arch  the  bridge  may  be  assumed  as  resting  on  smooth 
horizontal  supports  with  the  hinges  connected  by  a  horizontal  tie-rod  of  infinite  cross-section.  The 
stress  in  this  tie-rod  is  the  horizontal  component,  if,  of  Arts.  189-191.    We  have  then,  from  eq. 

(19). 

"-'-^ <»«> 

aE 

in  which  S^  is  the  stress  in  any  member  due  to  the  given  loads,  assuming  the  arch  to  be  supported 
like  an  ordinary  truss,  and  u  is  the  stress  due  to  an  outward  force  of  i  pound  acting  at  each  hinge. 
When  H  is  found,  then  the  total  stress  in  any  member  is 

S^S'+Hu (29) 

By  this  method  the  stresses  in  any  two-hinged  braced  arch  can  easily  be  calculated. 
In  the  case  of  an  arched  bridge  with  fixed  ends  three  members  are  redundant.     Any  three 
convenient  members  may  be  taken  for  the  redundant  members. 

The  theory  of  redundant  members  can  also  be  applied  to  the  exact  determination  of  stresses 
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in  any  continuous  truss,  or  a  series  of  partially  continuous  trusses  such  as  shown  in  Fig.  237.  The 
new  Blackwell's  Island  bridge  of  New  York  City  corresponds  in  arrangement  to  the  portion  A  BCD 
of  this  figure,  A  and  C  being  anchorages.  In  this  case  the  connecting  members  at  B  and  C  arc 
redundant. 

209.  Stresses  in  Bridges  due  to  Impact  from  Moving  Loads. — In  ail  the  precedmg 
stress  calculations  the  load  has  been  assumed  as  a  stationary  or  static  load  in  any  position  in  which  it 
has  been  placed;  that  is,  the  effect  of  motion  has  not  been  considered.  In  the  c^^se  of  rapidly  moving 
trains,  however,  this  effect  is  not  small  and  the  increase  in  stress  due  to  the  effect  of  unbalancc^l 
locomotive  drivers,  inequalities  of  track,  etc.,  is  often  a  considerable  percentage  of  the  statically 
determined  stress.  The  actual  stress  caused  by  moving,  loads  can  only  be  determined  by  attach- 
ing some  form  of  extensometer  direcdy  to  the  member  and  observing  its  elongation  or  compression 
under  load.  Knowing  the  modulus  of  elasticity  and  the  cross-section  of  the  member,  the  stress 
can  be  deduced. 

Various  forms  of  apparatus  have  been  employed  for  the  direct  measurement  of  strains.  The 
most  convenient  type  is  that  in  which  an  autographic  record  is  made  on  a  continuous  strip  of  paper. 
Such  a  form  was  used  by  one  of  the  authors  in  a  series  of  experiments  of  this  kind,  and  is  fully 
described  in  Trans.  Am.  Soc.  C.  E.,  Vol.  XLI.,  p.  411.  Other  forms  of  apparatus  are  referred 
to  in  this  paper. 

Several  series  of  experiments  have  been  made  by  various  persons  to  determine  the  effect  of 
moving  loads.  The  most  extensive  yet  reported  in  this  country  are  those  described  in  the  paper 
above  mentioned,  to  which  the  student  is  referred  for  a  full  discussion  of  results  of  these  and  other 
experiments.    The  general  conclusions  will  here  be  noted. 

(i)  It  has  been  found  both  experimentally  and  theoretically  that  there  is  no  appreciable 
increase  in  stress  above  the  static  stress  due  merely  to  the  speed  with  which  the  load  moves  over 
the  bridge,  but  that 

(2)  Stresses  are  increased  due  to  vibrations  set  up  in  the  structure  from  a  variety  of  causes. 
Chief  of  these  is  the  unbalanced  condition  of  the  locomotive  drivers,  a  necessary  evil  with  the 
present  form  of  locomotive.  Other  causes  are  inequalities  in  the  track,  deflection  of  stringers 
whereby  the  cars  are  given  an  up-and-down  motion  as  they  cross  the  bridge,  flat  wheels,  etc. 

(3)  These  vibrations  and  resulting  stresses  are  especially  large  where  the  successive  impulses 
from  unbalanced  drivers  or  other  cause  coincide  closely  with  the  natural  period  of  vibration  of 
the  loaded  structure.  A  bridge  having  a  stringer  length  equal  to  just  one-half  a  freight-car  length 
i.s  likely  to  be  subjected  to  severe  vibration  from  freight  trains  at  certain  speeds. 

(4)  The  stresses  due  to  vibration  or  impact  may  be  as  great  as  50  per  cent,  of  the  static  stresses 
for  girders  50  feet  or  less  in  length,  and  20  to  25  per  cent,  in  the  chord  members  of  trusses  from 
100  to  200  feet  in  length.  In  the  web  members  of  truss  bridges  the  increase  is  somewhat  greater, 
especially  in  those  members  near  the  centre  of  the  bridge  and  in  the  hip  verticals.  These  values 
are  those  that  have  been  already  actually  measured.  Further  experiments  may  show  still  greater 
effects. 
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CHAPTER  XVL 

STYLES  OP  STRUCTURES  AND  DETERMINING  CONDITIOBf& 

2za  General  Considerations. — The  selection  of  the  proper  structure  to  use  to  fulfil 
given  conditions  is  a  problem  which  would  have  to  be  solved  as  a  special  case  for  any  general 
rules  which  may  be  established.  The  determining  factors  are  so  variable  that  experience  in 
the  location  and  selection  of  the  proper  structure  is  a  much  safer  guide  than  any  rigid  formulae. 
There  are,  however,  some  general  principles  and  approved  rules  which  are  worthy  of  attention 
and  which  may  be  used  without  any  very  great  error  by  those  who  lack  the  needed  experience. 
The  two  important  problems  which  confront  a  constructing  engineer  at  the  beginning  in  the 
building  of  a  new  bridge  are,  ist,  the  best  location  for  the  bridge;  and  2d,  the  proper 
structure  to  use.  The  items  of  first  cost  and  cost  of  maintenance  must  be  considered  together 
with  the  probable  life  of  the  bridge  and  its  safety  in  the  case  of  a  derailed  train.  In  general, 
it  mdy  be  assumed  that  the  item  of  first  cost  is  the  only  one  which  may  be  varied  for  any 
special  case  as  the  other  items  depend  upon  the  details  of  the  construction  which  would  be 
similar  for  various  locations  of  the  bridge  or  for  different  structures.  Economy  in  first  cost 
will  then  be  assumed  as  the  desired  result.  The  first  cost  of  a  bridge  will  vary  as  the  quanti- 
ties of  the  material  which  are  necessary  in  its  construction  vary.  The  quantities  which  may  be 
varied  are  the  masonry  in  the  piers  or  the  substructure^  and  steelwork  in  the  spans  or  the  super^ 
structure.  The  first  cost  will  be  a  minimum  when  the  combined  cost  of  the  substructure  and 
the  superstructure  is  a  minimum. 

211.  The  Selection  of  the  most  Economical  Location  for  a  Bridge.— It  wijU  be 
assumed  that  the  cost  of  building  the  road  to  any  of  the  crossings  under  consideration  is 
constant,  or  that  the  difference  in  cost  on  this  account  may  be  readily  estimated  and  taken 
into  account  in  the  comparisons.  When  there  are  no  local  conditions  limiting  the  length  of 
span  used  and  if  the  same  style  of  bridge  (i.e.,  deck  or  through)  may  be  used,  the  cheapest 
bridge  is  manifestly  the  shortest.  However,  if  the  spans  in  each  of  the  locations  were  fixed  by 
local  conditions  and  were  different,  the  shorter  bridge  requiring  the  longer  spans,  it  may 
be  possible  for  the  longer  bridge  to  be  the  cheaper.  The  weight  of  metal  in  a  single-track  pin- 
connected  span  is  very  closely  approximated  by  the  following  formula : 

• 

where  TT-^total  weight  of  steel  in  the  span,  /-"length  of  the  span,  a  and  k  aie  oonatants  ^riuch  vary 
with  the  live  load  used  in  proportioning  the  structure.  For  the  live  load  Class  E-50  and  Specifi- 
cations Appendix  A,  a  may  be  taken  as  7  and  k  as  650.  The  numerical  examples  hereafter  given 
are  for  this  loading  and  specifications,  and  the  values  of  a  and  k  above  noted  will  be  used.  For 
the  loadings  £-30  and  £-40  these  constants  may  be  taken  as  three-fourths  and  seven-eighths  of 
those  for  the  £-50  loading  respectively. 
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The  weight  per  linear  foot,  w^  of  a  bridge  of  spans  of  /  length  would  be,  therefore. 


W 


w=  —  =  7/-|-650. 


tf  Z  is  the  total  length  of  the  bridge,  the  total  iron  weight  would  be 

Z(7/  +  6so). 

This  formula  could  be  used  to  find  the  steel  required  at  fhe  various  crD6sii^%  and  there- 
fore the  cost  of  the  superstructure.  Combining  this  with  the  estimated  cost  of  the  substruc- 
ture, the  cheapest  crossing  can  be  very  closely  determined. 

As  an  illustration  of  the  application  of  this  formula  we  will  assume  alternative  single-track  crossings, 
one  of  which  requires  five  20(>-ft.  spans,  and  the  other  three  joo-ft.  spans. 

For  the  five  200-ft.  spans, w  =s  2050,    Lw  sss  3,050^000  lbs. 

For  the  three  300-ft.  spans ti;  =  2750,     L%io  =  2,475.000  lbs. 

If  the  price  of  steel  was  four  cents  per  pound,  there  would  be  a  difference  of  $17,000  in  favor  of  the 
longer  bridge  in  the  cost  of  the  steel.  If  this  were  more  than  enough  to  pay  for  the  two  extra  piers  required 
the  longer  bridge  would  be  the  cheaper. 

2Z2.  The  Proper  Structure  to  Use  at  a  Given  Crossing. 

1st.  Bridges  of  One  Span. — The  cost  will  vary  with  the  kind  of  bridge  used.  This  question 
will  be  considered  in  detail  in  a  following  article  on  the  kinds  of  bridges,  classifying  them 
according  to  their  method  of  construction  into  plate  girder  bridges,  riveted  truss  bridges,  and 
pin-connected  truss  bridges.  Assuming  the  kind  of  bridge  as  constant,  the  cost  will  depend 
upon  the  selection  of  the  cheaper  style  of  bridge,  i.e.,  deck  or  through.  The  deck  bridge  may 
generally  be  assumed  to  be  the  cheaper  style.     By  referring  to  Fig.  264,  it  will  be  seen  that 


/ 


T\ 


i  \      / 
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Fig.  264. 

there  is  a  saving  in  the  height  of  the  necessary  piers  about  equal  to  the  depth  of  the  truss  due 
to  the  use  of  the  deck  span.  There  is  an  increase  in  the  weight  of  the  necessary  iron  of  about 
ten  per  cent  for  the  deck  span,  but  this  will  never  offset  the  saving  in  the  masonry.  Fig.  264 
represents  the  case  where  the  abutments  are  simple  piers,  the  approaches  to  the  span  being 
trestles  of  wood  or  iron.  Fig.  265  represents  the  case  where  the  abutments  are  retain- 
ing-walls.  There  would  generally  be  no  increase  necessary  in  the  masonry  on  account  of  the 
span  being  supported  on  the  retaining-walls,  so  that  the  choice  would  be  between  the  deck 
and  through  spans,  as  shown  in  the  figure.  There  would  be  very  little  saving,  if  any,  accom- 
plished  by  usiog  the  deck  ^pan  except  for  the  shorter  spans,  say  under  180  feet  long.     For 
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these  shorter  spans  the  trusses  of  the  deck  spans  may  be  placed  closer  together  than 
would  be  permissible  for  through  bridges  on  account  of  the  clearance  necessary  between  the 
trusses  of  the  latter.    This  would  reduce  the  length  of  the  floor-beams  and  save  some  metal. 


^  Fig.  265. 

The  iron  floor  system  may  be  dispensed  with  in  the  shorter  deck  spans  by  supporting  the 
cross-ties  directly  on  the  top  chord  and  a  further  reduction  in  the  required  amount  of  iron 

made. 

2d.  Bridges  which  may  be  of  One  or  More  Spans. — When  the  span  lengths  are  fixed  by  local 

conditions  the  problem  becomes  equivalent  to  that  of  a  series  of  bridges  of  one  span  each*  the 

only  open  question   being  the  kind  of  bridge  and  the  style  (i.e.,  deck  or  through).    When 

the  span  lengths  may  be  varied  and  the  style  the  same^  a  very  close  approximation  to  the 

correct  length  of  span  to  use  for  economy  in  total  cost  can  be  obtained  as  follows : 

Let  A  =cost  of  the  two  end  abutments  in  dollars; 

B = cost  of  the  floor  and  that  part  of  the  steel  weight  which  remains  constant  in  doUarsi 
C=cost  of  one  pier  in  dollars  assumed  as  constant;' 
i= length  of  the  bridge  in  feet; 
re = number  of  spans; 

/—length  of  one  span,  «— ; 

/>»  price  of  steel  per  pound  in  dollars; 

y= total  cost  of  bridge  in  dollars; 

a/ = weight  per  foot  of  variable  portion  of  bridge  (Art.  211). 

Then  the  total  cost  of  the  bridge  will  be 

y^A+B  +  (x-i)C+alxLXp. 


From  this  we  find  y  to  be  a  minimum  when 


If  a«7and^a-«ef, 


lia—j2LDdp^jo^ 


X      ^ap 

^=j£=i.69N/c: 
*      ^-35 

-=J^=i.89Vc: 
ri;     ^.28 


The  economical  lengths  of  spans,  in  feet,  for  piers  of  various  costs  are  given  in  the  following 
table,  assuming  the  steel  to  cost  four  and  five  cents  per  pound  respectively. 
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Cost  of  One  Pier. 

Economical  I<en^h  of  Span  in  Feet. 

Cost  of  One  Pier. 

Economical  Length  of  Span  in  Feet. 

Steel,  4Ct8.  per  lb. 

Steel,  5  cts.  per  lb. 

Steel,  4  cts.  per  lb. 

Steel,  5  cts.  per  lb. 

$5,000 

7»SOO 

10,000 

12,500 

134 
164 

189 
211 

120 

147 
169 
189 

$15,000 
i7»Soo 
20,000 
25,000 

232 
250 
267 
300 

207 
224 

239 
267 

As  the  length  of  the  bridge  is  fixed,  such  a  length  of  span  may  be  readily  selected  which  will 
make  the  total  cost  of  the  bridge  a  minimum. 

The  assumptions  made  in  deriving  the  formula  for  the  economical  length  of  span  are  not  liable 
to  be  in  error  enough  to  afifect  the  choice  of  the  proper  length  hi  span  to  use  if  the  total  length  of 
the  bridge  is  fixed,  as  this  length  can  rarely  be  divided  into  a  whole  number  of  spans  of  the  economi- 
cal length. 

213.  Kinds  of  Bridges. — ^The  metal  structures  in  common  use  in  the  railway  practice  of 
the  United  States  may  be  divided  into  the  following  kinds,  according  to  their  method  of  con- 
struction : 

*  I  St.  Plate- girder  Bridges,  used  generally  for  spans  of  100  feet  in  length  and  under. 

2d.  Riveted  Truss  or  Lattice  Bridges,  now  generally  used  for  spans  of  100  to  150  feet  in  length. 

3d.  Pin-connected  Truss  Bridges,  used  for  spans  over  150  feet  in  length. 

A  review  of  the  generally  accepted  merits  of  each  of  these  kinds  of  construction  will  be  given 
for  the  purpose  of  aiding  the  student  or  engineer  in  the  selection,  when  occasion  demands,  of  the 
proper  structure.  Economy  will  be  the  deciding  factor  in  the  selection  of  any  particular  design, 
and  it  is  for  the  engineer  to  decide  what  is  true  economy  for  his  special  case.  The  cost  of  the  mainte- 
nance of  the  floor  and  the  stiffness  of  the  structure  against  vibration,  which  is  a  measure  of  the 
probable  life  of  the  bridge,  together  with  the  degree  of  safety  insured  in  case  of  the  derailment 
of  a  train,  are  items  which  affect  the  true  cost  in  addition  to  the  first  cost  and  should  have  due 
consideration.  While  discussing  plate-girder  construction  some  of  the  floors  in  general  use  will 
be  described.  A  few  empirical  formulae  for  the  steel  weights  of  bridges  will  also  be  given,  from 
which  it  is  believed  that  it  will  be  safe  to  derive  the  steel  weight  to  be  used  in  the  calculation  of  the 
stresses,  and  also  which  will  show  relatively  the  amount  of  metal  in  the  different  kinds. 

214.  The  Plate-girder  Bridge,  now  generally  used  for  spans  of  100  feet  or  less,  is  deservedly 
the  most  popular  kind  of  construction  in  use.  There  is  a  minimum  opportunity  for  error  in  its 
design  and  calculation,  small  chance  for  defects  due  to  faulty  workmanship,  and  when  once  put 
in  place  requires  little  attention,  except  the  necessary  application  of  paint  to  prevent  rusting. 
Plate  girders  cost  less  to  manufacture  in  the  shop  than  any  other  kind  of  construction  and  can 
be  erected  cheaply  and  quickly.  For  lengths  over  70  feet  the  riveted  truss  may  be  cheaper  in  cost 
on  account  of  the  latter  recjuiring  less  metal  in  its  construction,  but  good  practice  requires  the  use 
of  the  plate-girder  construction  for  all  spans  up  to  the  limiting  practical  length  of  such  construc- 
tion, which  is  about  100  feet.  Plate-girder  spans  have  been  built  recently  as  long  as  125  feet. 
The  diflSculty  of  transporting  the  hca\7,  long,  and  high  girders  of  spans  over  100  feet  renders  this 
length  the  practical  limit.  The  difficulty  of  obtaining*  the  component  shapes  and  plates  of  proper 
sizes  for  longer  spans  results  in  the  use  of  a  large  extra  percentage  of  material  for  splices,  etc., 
which  increases  cost  without  a  compensating  increase  of  strength.  It  is  always  preferable  to  have 
plate  girders  riveted  up  completely  in  the  shop  by  power,  leaving  the  bracing  between  the  girders 
as  the  only  parts  requiring  hand  riveting  after  the  girders  arc  in  place  on  the  piers. 


*  This  classification  to  include  rolled  I  beams  under  Plate  Girders. 
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Fig.  266  shows  cross-sections  at  ends  and  in  middle  of  span  for  a  single-track  deck  plate-girder 
bridge  with  the  usual  floor  and  mode  of  attachment.  The  floor  shown  b  the  one  most  generally 
used.     The  detail  construction  is  simple. 


Fig.  267  shows  a  cross-section  of  the  most  common  style  of  plate-girder  through  bridge  with 
the  same  floor  and  method  of  attachment  as  was  shown  in  Fig.  266. 


Fig.  268  shows  the  cross-section  of  two  styles  of  through  plate-girder  bridge  in  which  the  steel 
floor  system  shown  in  Fig.  267  is  dispensed  with  and  the  track  supported  on  lai;ge  cross-tiei  rest- 
ing on  shelf-angles  riveted  to  the  webs  of  the  girders  or  on  the  bottom  flange  angles. 


Fig.  26g  shows  longitudinal  sectional  views  of  through  plate  girders  with  various  kinds 
solid  floors  on  which  a  ballasted  roadbed  is  carried  over  the  bridge. 
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The  steel  weights  of  the  various  styles  of  single-track  pJate-girder  bridges,  designed  for  -B-50 
loading,  may  be  approximated  by  the  following  formulae: 

Deck  pla  te-girder  bridges,        w  =  1 2/ + 1 50. 

Through  plate-girder  bridges,  w=^i2l  +  ^oo  (floor-beams  and  stringers). 

w^  12/ +800  (solid  floor). 


€i 


U 


Where  w= steel  weight  per  linear  foot,  /«=  length  over  all  of  girders. 

For  spans  of  too  and  no  fert  long,  add  to  the  weights  given  by  formulae  5  and  10  per  cent 


1 


\ 


rvj^rvy^ 


Vu:.  26f), 


respectively,  as  spans  of  this  length  must  be  designed  with  a  less  depth  than  the  economical  one. 
For  loading?,  £-30  and  £-40  use  80  and  90  per  cent  respectively  of  the  weights  given  by  the  formul^^. 

215.  Bridg^e  Floors. — Figs.  266,  267,  268,  and  269  show  nearly  all  the  floors  now  much 
used.  Attention  will  be  called,  however,  to  a  very  popular  modification  of  the  floor  shown  in 
Fig.  267,  which  consists  of  the  addition  of  safety  stringers  or  two  additional  stringers  placed 
from  2  to  4  feet  outside  of  the  main  stringers.  They  are  usually  made  one  half  the  strength 
of  the  main  stringers,  and  are  used  for  safety  in  case  of  the  derailment  of  the  train.  Some- 
times the  main  trusses  or  girders  of  the  bridge  are  used  in  place  of  the  safety  stringers,  as,  for 
example,  in  Fig.  267  the  cross-ties  may  be  extended  to  rest  on  shelf-angles  riveted  to  the  webs 
of  the  girders. 

The  floor  shown  in  Fig.  268  may  be  called  the  standard  and  is  the  most  generally  used  of 
alL  The  details  of  the  guard-rails  and  the  many  various  methods  of  attaching  cross-ties  and 
guards  to  the  suppotting  ironwork  will  not  be  considered.  The  usual  attachment  is  to  fasten 
ties  and  guards  to  the  stringer  by  means  of  a  three-quarter-inch  hook-bolt  passing  through 
every  third  or  fourth  cross-tie.  The  wooden  guard-rails  are  spiked  or  bolted  to  every  tie. 
The  wooden  guard-rail  is  usually  placed  with  its  inside  face  about  i  foot  from  inside  face  of  rail 
or  gauge.  The  inner  upper  corner  is  sometimes  covered  by  an  angle-iron  put  on  with  countersunk 
head  spikes.     Cross-ties  are  usually  spaced  with  openings  of  from  4  to  6  inches  between  theoL 

The  floors  shown  in  Fig.  268  arc  used  when  a  cheap  bridge  is  wanted  and  when  the  distance 
from  the  rail  to  the  under  side  of  the  bridge  is  limited.  The  objection  to  them  is  that  the  cross- 
tie  is  under  strain  from  the  load  and  must  necessarily  be  very  large  and  subject  to  continual  inspec- 
tion, and  be  promptly  removed  in  case  any  defect  which  impairs  its  strength  is  noticed.  The 
replacement  of  the  cross-ties  is  a  dilTicult  task,  and  in  order  that  they  may  be  put  in  at  all  the 
stiffener  angles  on  the  inside  of  the  web  plate  must  be  so  spaced  as  to  allow  room  to  get  them  in. 
The  size  of  cross-tie  to  use  is  determined  by  the  load  to  be  carried,  assuming  the  heaviest  axle  load 
to  be  supported  by  three  ties,  allowing  an  extreme  fibre  stress  of  from  800  to  1000  lbs.  per  square 
inch. 

The  solid  floors  shown  in  Fig.  269  are  not  ver}'  generally  used  as  yet,  the  railroads  which  do 
use  them  much  being  those  in  the  North  and  East.     They  are  expensive  owing  to  the  amount  of 
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metal  necessary  in  their  construction,  but  are  undoubtedly  the  safest,  most  rigid  and  permanent 
of  all  the  various  kinds.  They  can  be  built  when  the  distance  from  the  rail  to  the  lowest  part 
of  the  bridge  is  very  small.  With  this  kind  of  floor  the  corrugations  are  filled  with  concrete, 
usually  bituminous,  and  the  standard  ballast  on  top  of  this.  The  cross-tie  may  be  embedded 
in  ballast  in  the  corrugations  in  case  the  floor  must  be  very  shallow.  The  metal  in  corrugated 
floors  alone  weighs  from  thirty  to  forty  pounds  per  square  foot  of  floor. 

216.  Riveted  Truss  or  Lattice  Bridges  are  now  generally  used  for  spans  from  100  to 
150  feet  in  length.  Plate-girder  construction  is  preferred  for  spans  100  feet  and  less,  although 
the  riveted  truss  construction  would  usually  be  cheaper  for  spans  over  70  feet.  Pin-connected 
truss  construction  is  generally  used  for  spans  longer  than  150  feet  because  of  its  low  cost.  Where 
the  cost  of  the  bridge  in  place  is  approximately  the  same  the  riveted  truss  is  preferred.  As  the 
facilities  for  the  construction  of  riveted  trusses  in  the  field  improve,"  their  general  use  will  be 
extended  to  longer  spans.  The  riveted  truss  requires  more  material  in  its  construction  for  spans  over 
125  feet  than  the  pin-connected;  the  cost  of  shop  manufacture  is  about  the  same  per  pound,  while 
the  cost  of  the  field-work  in  erecting  is  higher  on  account  of  the  extra  amount  of  field-riveting 
necessary. 

The  single  system  of  web  bracing  is  now  the  approved  design  for  riveted  trusses,  the  use  of 
multiple  systems  gradually  falling  into  disuse.  The  multiple  system  would  be  preferred  except 
for  the  ambiguity  in  the  determination  of  the  stresses.  Multiple  systems  for  pin-connected  trusses 
have  been  discarded  entirely,  and  the  same  practice  is  being  applied  to  riveted  construction. 

The  weight  of  steel  in  through  riveted  truss  spans  of  lengths  from  100  to  150  feet  for  -E-50 
loading  may  be  closely  approximated  by  the  following  formula: 

w=7/-f65o; 

where  it' = weight  per  linear  foot;  /  =  length  centre  to  centre  of  end  bearings. 

217.  Pin-connected  Truss  Bridges  are  more  generally  used  than  the  riveted,  and  owe  their 
popularity  to  their  cheapness,  facility  of  erection,  and  adaptability  to  almost  all  conditions.  They 
are  used  for  all  spans  over  80  feet,  although  the  general  practice  now  is  to  limit  them  to  spans  over 
150  feet.  In  the  early  days  of  bridge-building  the  use  of  the  pin  connection  was  imperative,  but 
of  late  years  the  facilities  of  constructors  in  general  for  handling  larger  pieces  and  for  doing  better 
field-work  in  erecting  and  riveting,  and  the  capacity  of  the  railroads  for  transporting  heavier  and 
longer  pieces  than  formerly,  have  made  it  possible  to  build  better  riveted  trusses.  It  is  chiefly 
because  of  this  that  the  riveted  truss  is  supplanting  the  pin-connected  for  the  shorter  spans  where 
short  panels  and  very  light  trusses  would  make  the  latter  expensive.  The  pin-connected  truss 
can  be  more  satisfactorily  designed  and  proportioned  because  of  its  almost  absolute  freedom  from 
secondary  stresses. 

The  single-intersection  truss  is  now  the  accepted  practice  in  the  construction  of  pin-connected 
truss  spans,  the  use  of  the  inclined  top  chord  and  the  Petit  truss  making  it  possible  to  build  long 
spans  cheaply  owing  to  the  lighter  and  shorter  members  that  the  latter  types  require. 

The  steel  weight  of  through  pin-connected  truss  spans  of  lengths  from  150  to  300  feet  may 
be  closely  approximated  by  the  following  formula: 

7^=7/ +650; 

where  w  =  weight  per  linear  foot ;  7  =  length  centre  to  centre  of  end  pins. 

218.  Types  of  Trusses. — The  two  most  common  types  of  trusses  in  use  are  the  Pratt  and 
the  Warren.  Another  type  deserving  of  mention  is  the  **Pegram"  truss,  designed  and  patented 
by  Geo.  H.  Pcgram,  M.A.S.C.E.     It  is  fully  described  in  Part  I  of  this  book. 
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The  Warren  or  Triangidar  Truss  usually  requires  less  material  in  its  construction  than  the 
Pratt,  and  for  short  spans,  particularly  deck  spans,  is  commonly  used.  It  is  also  often  employed 
when  it  is  desirable  to  avoid  adjustable  members  in  the  truss,  because  the  symmetry  of  the  truss 
is  maintained  and  a  much  Jjetter  looking  structure  secured  than  if  the  Pratt  were  used  with  stiffened 
ties  in  place  of  counter-ties.  In  this  type  of  truss  some  of  the  web  members  are  subjected  to  a 
reversal  of  stress  under  live  loads,  and  good  practice  now  requires  that  such  members  have  riveted 
connections.  Pin-bearings  in  such  cases  are  inferior  on  account  of  the  wear  incident  to  the  con- 
tinual reversal  of  stress.  A  great  objection  to  this  truss  for  through  spans  is  that  the  floor-beams 
must  either  be  suspended  from  the  pins  or  vertical  posts  introduced  at  each  panel  point  to  which 
the  beams  are  riveted  above  the  pin;  the  former  requirement  making  the  design  of  an  efficient  lateral 
system  difficult,  and  the  latter  adding  material  with  very  little  compensation.  This  truss  is  now 
rarely  used  for  long  spans. 

The  Pratt  Truss,  including  in  this  type  all  single-intersection  trusses  with  vertical  interme- 
diate posts,  is  by  far  the  truss  most  generally  used.  It  may  be  termed  the  standard  truss  in 
American  practice.  In  its  detail  it  is  simpler  than  any  other  form,  and  has  stood  the  test  of 
continual  use  without  any  diminution  of  its  popularity.  In  economy  of  material  and  cost  it  is 
only  second  to  the  Warren  for  the  shorter  spans,  while  for  the  longer  inclined  chord  and  Petit 
truss  spans  it  requires  less  material  and  is  less  expensive.  The  recent  long  spans  built  in  this 
country  are  generally  Petit  trusses. 

219.  Swing  Bridges. — ^The  kind  of  structure  generally  used  for  swing  bridges  is  the  truss 
with  riveted  connections,  unless  the  opening  has  less  than  50  feet  clear  span,  when  plate-girder 
construction  would  be  used.  For  ordinary  lengths,  say  under  250  feet,  centre  bearings  are  most 
commonly  used.  For  the  longer  and  heavier  spans  a  rim-bearing  turntable  or  a  combination  of 
rim-  and  centre-bearing  is  used. 

220.  Cantilever  Bridges. — Cantilever  bridges  are  now  used  only  in  those  cases  where  it  is 
impossible  or  impracticable  to  erect  simple  spans.  They  are  not  economical  in  material,  as  they 
rarely,  if  ever,  require  as  little  iron  in  their  construction  as  a  simple  span.  Owing  to  their  lack  of 
rigidity,  a  simple  span  bridge  is  preferred  if  it  is  practicable  to  build  one  at  the  crossing. 

221.  The  Three-hinged  Arch  Bridge  will  very  probably  be  preferred  in  those  cases  where 
the  bridge  must  be  erected  without  any  temporary  false-work,  and  where  the  abutments  may 
easily  be  made  sufficient  to  take  the  thrust.  A  bridge  of  this  kind  can  readily  be  designed  to  erect 
as  a  cantilever.  The  three-hinged  arch  requires  less  material  in  its  construction  than  a  simple 
span. 

222.  For  Long  Spans,  including  those  over  600  feet,  the  cantilever,  the  arch,  the  canti- 
lever arch,  and  cantilever  suspension  are  the  types  from  which  the  engineer  has  now  to  select  the 
proper  structure.  The  cantilever  arch  and  cantilever  suspension  bridges  require  the  least 
quantity  of  material,  and  are  probably  the  designs  to  be  depended  upon  for  spans  longer  than 
the  practical  limit  set  for  simple  spans. 
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CHAPTER  XVn. 

DESIGN  OF  INDIVIDUAL  TRUSS  MEMBERS. 

223.  General  Considerations  Pertaining  to  the  Working  Stress. — ^In  the  selection  of 
a  working  stress  to  be  used  in  designing  it  is  necessary  to  consider  several  factors,  both  with 
respect  to  the  nature  of  the  load  to  be  carried  and  the  character  of  the  material  used.  In  the  case 
of  structural  steel,  which  is  the  only  material  here  considered,  the  fundamental  requisite  is  that 
no  stress  to  which  the  material  may  be  subjected  by  any  possible  combination  of  loads  shall  exceed 
its  elastic-limit  strength.  On  the  other  hand,  it  is  desirable  for  the  sake  of  economy  to  work  as 
close  to  this  limit  as  practicable.  In  soft  steel  the  margin  between  the  clastic  limit  and  the  ulti- 
mate strength  is  large,  and  so  long  as  no  part  of  the  structure  is  stressed  beyond  the  former  limit 
the  factor  of  safety  against  absolute  failure  is  ample.  In  fact,  an  elevation  of  the  stress  at  rare 
intervals  beyond  the  elastic  limit  would  not  necessarily  injure  the  material  or  endanger  the  struc- 
ture, but  the  permanent  distortions  which  would  be  caused  thereby  would  result  in  a  new  and 
uncertain  distribution  of  stress  and  would  in  general  be  inadmissible. 

While  the  elastic  limit  may,  therefore,  be  taken  as  the  limit  towards  which  the  actual  stresses 
may  approach  with  safety,  yet  for  many  reasons  it  is  impracticable  to  use  such  elastic  limit  for  the 
working  stress  in  calculating  sectional  areas.  Such  working  stress  must  be  considerably  less  than 
the  elastic  limit  in  order  to  make  provision  for  the  following: 

(a)  Variations  and  imperfections  in  the  material  and  workmanship  on  account  of  which  the 
strength  of  the  actual  structure  is  proportionately  less  than  that  of  tested  specimens; 

(b)  Corrosion  or  other  deterioration  of  the  material; 

(c)  Secondary  and  other  stresses  not  taken  account  of  in  the  calculations; 

(d)  Some  increase  in  live  load  beyond  that  specified  without  endangering  the  structure; 

(e)  The  dynamic  eCFect  of  moving  loads  whereby  the  actual  stresses  produced  in  the  structure 
are  considerably  greater  than  the  calculated  stresses; 

(J)  The  effect  of  repetition  and  variation  of  stress  in  accordance  with  the  theory  of  the  fatigue 
of  metals. 

(g)  The  working  stress  is  also  made  to  depend  somewhat  on  the  probability  of  the  assumed 
stress  occurring,  in  the  case  of  imlikely  but  possible  combination  of  circumstances. 

Considerations  (a),  (b),  (c),  and  (d)  are  not  usually  separately  allowed  for,  but  provision  is 
made  in  a  general  way  by  using  a  working  stress  lower  than  would  otherwise  be  required.  Corro- 
sion is  sometimes  separately  considered  in  structures  specially  exposed,  and  the  working  stress 
modified  or  a  certain  thickness  of  metal  added  to  the  calculated  sections.  Secondary  stresses  are 
seldom  calculated;  the  aim  of  the  designer  is  to  avoid  them  as  much  as  practicable,  but  they  are 
always  present  to  a  considerable  extent  and  must  be  allowed  for  in  selecting  the  working  stress. 
The  first  three  considerations  relate  tc  dead  load  as  well  as  live  load  and  hence  can  properly  be 
taken  care  of  by  the  ratio  by  which  the  unit  stress  for  both  live  and  dead  load  is  reduced  below 
the  elastic  linut.    The  provision  for  these  three  items  usually  amounts  in  effect  to  from  35  to  40 
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per  cent  of  the  elastic-limit  strength.  Thus  in  the  case  of  a  steel  with  a  30,000-lb.  average  elastic 
limit  18,000  lbs.  is  usually  about  the  limit  for  the  working  stress  where  the  load  is  a  purely 
static  one,  and  hence  where  no  allowance  need  be  made  for  considerations  (d),  (e),  and  (/). 

The  possible  increase  in  live  load,  item  (d),  is  not  often  separately  considered  except  for  certain 
members,  as  in  sec.  41  of  the  specifications  in  Appendix  A.  It  may  be  considered  as  provided  for, 
in  many  cases,  by  excessive  provisions  under  (e)  or  (/),  or  by  the  fact  that  the  d)mamic  effect  men- 
tioned under  (e)  may  be  greatly  reduced  by  reducing  speed,  thus  enabling  excessive  loads  to  be 
carried  safely. 

In  the  provision  imder  items  (e)  and  (/),  namely,  the  dynamic  effect  and  the  element  of  fatigue, 
specifications  differ  widely.  The  question  is  one  concerning  the  proper  treatment  of  the  live-load 
stresses.  In  all  cases  it  is  recognized  that  these  stresses,  as  calculated,  do  not  represent  the  proper 
relative  effect  of  the  live  load  as  compared  to  the  dead  load,  but  much  difference  exists  in  the 
methods  of  making  provision  for  this.     These  methods  will  now  be  discussed. 

224.  Impact  and  Vibration. — As  described  in  Chapter  XV,  p.  266,  when  a  train  moves 
rapidly  across  a  bridge  it  causes  certain  shocks  and  vibrations  whereby  the  actual  stresses  produced 
in  the  structure  are  considerably  greater  than  the  calculated  static  stresses.  If  these  additional 
stresses  could  be  calculated  they  should,  of  course,  be  added  to  the  static  stresses  and  the  sums 
taken  as  the  actual  live-load  stresses.  In  lieu  of  calculation,  the  best  that  can  be  done  is  to  make 
a  rough  estimate  of  these  stresses  from  results  of  experiments  that  have  been  made  on  structures 
in  actual  service.  Such  experiments  arc  not  yet  sufficient  to  enable  this  to  be  done  with  any  consid- 
erable degree  of  exactness,  but  they  give  certain  general  indications  of  what  these  stresses  are 
likely  to  be.  Various  formulae  or  coefficients  based  more  or  less  on  such  experiments  are  in  use 
for  calculating  the  amount  of  impact.  In  these  formulae  the  impact  is  usually  made  to  vary  with 
the  span  length  and  the  position  of  the  member  in  the  truss,  the  formula  used  in  the  American 
Bridge  Company's  specifications  being  of  this  type.     It  is 


<i^) (■) 


,L+3oo 

where  /^impact  stress  to  be  added  to  the  static  stress,  5=static  stress,  and  L=length  in  feet 
of  the  portion  of  the  bridge  which  is  loaded  to  cause  the  maximum  stress  in  the  member  in 
question. 

The  effect  of  this  formula  is  to  give  an  impact  stress  in  chord  members  varying  from  100  per 
cent  of  the  static  stress  for  spans  of  zero  length  to  50  per  cent  for  spans  300  feet  long.  For  a 
150-foot  span  the  percentage  would  be  |5o=66§.  For  web  members  the  impact  depends  on  the 
position  of  the  member  in  the  truss,  being  a  maximum  for  counters  and  a  minimum  for  the  end 
diagonal.  From  all  published  data  this  formula  would  appear  to  give  rather  high  \alues,  espe- 
cially for  the  chord  members  of  long  spansj  but  until  a  much  larger  number  of  experiments  are 
made  it  is  perhaps  as  good  as  any. 

The  impact  stress  having  been  arrived  at,  it  is  added  to  the  static  live-load  stress  and  the  total 
considered  to  be  the  actual  live-load  stress.  This  being  found,  the  practice  of  most  engineers 
employing  impact  formulae  is  to  add  this  to  the  dead-load  stress  and  to  determine  sectional  area 
by  dividing  this  total  by  a  fixed  unit  stress,  as,  for  example,  the  15,000  lbs.  per  square  inch  for  soft 
steel  of  the  American  Bridge  Company's  specifications.  This  same  unit  stress  is  used  no  matter 
what  the  relative  amounts  of  dead-  and  live-load  stress,  the  live-load  stress  thus  modified  for  impact 
being  considered  exactly  the  same  as  so  much  dead-load  stress  This  method  of  calculation 
assumes  that  the  fact  that  the  live-load  stress  is  frc(jucntly  vpplied  and  removed  need  not  b^  takea 
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into  account,  the  only  point  being  to  estimate  the  actual  maximum  stress  coming  upon  the  member. 
This  is  quite  contrary  to  the  theory  on  which  other  specifications  are  based  in  which  the  fatigue 
of  metals  has  been  considered. 

225.  The  Fatigue  of  Metals* — Elaborate  experiments  by  Wohler,  Bauschinger,  and  others 
have  shown  that  under  repeated  applications  of  a  stress  rupture  will  take  place  at  a  much  less  load 
than  for  a  single  such  application.  That  is,  the  ultimate  strength  under  repeated  loads  is  much 
less  than  the  ordinary  ultimate  strength  of  the  material.  It  is  also  shown  that  the  ultimate  strength 
under  repeated  or  varying  stress  depends  upon  the  range  over  which  such  stress  varies.  Thus, 
if  all  the  stress  is  removed  each  time,  a  stress  of  about  35,000  lbs.  per  square  inch,  if  repeated  a 
great  number  of  times,  is  sufficient  to  rupture  a  steel  bar  whose  ultimate  strength  from  a  single 
test  is  about  65,000  lbs.  In  this  case  the  lower  limit  of  stress  is  z^ro  and  the  upper  limit  35,000 
lbs.  If,  however,  the  stress  is  not  all  removed,  leaving,  for  example,  20,000  lbs.  as  the  lower  limit, 
the  upper  limit  necessary  to  cause  rupture  would  be  increased  to  about  45,000  lbs.  In  the  former 
case  the  range  of  stress  is  35,000  lbs.,  while  in  the  latter  case  it  is  only  25,000  lbs.  In  the  case  of 
stresses  alternating  from  tension  to  compression  the  ultimate  strength  is  less  than  where  the  stress 
is  of  one  kind  only,  the  least  strength  being  for  a  stress  alternating  between  equal  limits  in  tension 
and  compression.  Thus  the  material  cited  above  would  ultimately  be  ruptured  by  applying  a 
stress  alternating  from  about  20;Ooo  lbs.  compression  to  20,000  lbs.  tension,  the  range  of  stress  in 
this  case  being  40,000  lbs.  In  general,  therefore,  the  ultimate  strength  under  varying  load  is  a 
function  of  the  range  of  variation  of  this  load.  For  stresses  of  one  kind  only  the  lowest  limit  of 
strength  (35,000  lbs.  in  the  example  given  above)  is  in  general  about  equal  to  the  elastic  limit  of 
the  material,  but  for  alternating  stress  it  is  considerably  below  the  clastic  limit. 

Applying  the  above  principle  to  a  structure  carrying  dead  and  live  load  it  will  be  seen  that  the 
dead-load  portion  of  the  stress  is  the  fixed  portion  and  the  live-load  portion  is  the  varying  portion, 
and  hence  that  the  ultimate  strength  of  any  member  will  depend  upon  the  relation  between  the 
live-  and  dead-load  stresses.  Formula)  have  been  deduced  from  the  experiments  mentioned 
which  express  the  ultimate  strength  of  steel  in  terms  of  the  maximum  and  minimum  stresses  to 
which  it  is  subjected.  The  most  commonly  used  is  that  of  Prof.  Launhardt  for  stresses  of  one 
kind  only  and  that  of  Prof.  Weyrauch  for  alternating  stresses.  Inserting  the  usual  numerical 
coefficients,  these  formula?  are: 


and 


_                     r         ,  .    ,                       /      nim.  stress  \  ,  ^ 

For  stresses  of  one  kind              m=p[i+      ;: , (2) 

^  \       max.  stress/  ^  ^ 

_                      .            .      ,  .    ,              /         n^'n.  stress    \  ^  ^ 

For  stresses  of  opposite  kinds  fn==p[i—      -7- 1 (3) 

\        2  y\  max.  siress / 


In  these  formulae  p  is  the  ultimate  strength  under  repeated  stress  when  the  lower  limit  is  zero,  as 
determined  by  the  experiments.  In  the  second  formula  the  *' minimum  stress"  is  the  lesser  of  the 
two  maximum  stresses. 

Applying  now  a  suitable  factor  of  safety,  usually  about  three,  to  these  formulae,  we  have  for 
working  formulae,  respectively, 


min.  stress"^ 
max 
and 


=«( 


—  ".  Stress/ 


/         mm.  stress.   \  ,  ^ 

=-a  I ), (5) 

\      2  X  max.  stress/ 
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in  which  b  is  the  allowed  stress  in  pounds  per  square  inch  and  a  is  a  certain  proportion  of  ^,  from 
8000  to  10,000  lbs,  per  square  inch,  according  to  the  grade  of  the  material.  For  long  compres- 
sion members  the  value  of  b  is  still  further  reduced  by  a  suitable  column  formula. 

Instead  of  using  the  two  formulas,  (2)  and  (3),  Professor  Johnson*  proposes  a  single  one: 

min.  stress   '     •••••••••••    w 


I  — 


2Xmax.  stress 


in  which  the  signs  of  the  minimum  and  maximum  stresses  should  be  observed.  Thus  for  equal 
alternating  stresses  the  denominator  becomes  i+i  and  m==^p.  For  stresses  whose  lower  limit 
is  zero  m=py  and  where  no  variation  occurs  (fixed  load  only)  the  mimmum  stress = maximum  stress 
and  w=2^, 

226.  Use  of  Various  Formulae. — In  using  formulae  (4)  and  (5).  based  on  the  theory  of 
fatigue,  the  minimum  and  maximum  stresses  are  usually  obtained  by  combining  the  dead- load 
stresses  with  the  static  live-load  stresses.,  all  impact  effect  bemg  neglected.  It  is  assumed  that 
in  the  use  of  the  fatigue  formulae  a  sufficient  provision  has  been  made  for  the  difference  in  live- 
and  dead-load  effects.  This  method  of  treatment  is  not  rational,  as  the  real  live-load  stress  is  not 
the  calculated  static  stress,  but  something  considerably  greater  and  the  best  estimate  that  can  be 
made  of  this  should  be  used  for  the  live-load  stress.  The  effect  of  repetition  or  fatigue  is  a  sepa- 
rate thing  and  should  be  so  considered.    It  is  so  treated  in  some  recently  proposed  specifications.f 

There  are  many  engineers,  however,  who  question  the  propnety  of  giving  any  consideration 
to  the  matter  of  fatigue  where  the  stresses  are  of  one  kind  only  With  working  stresses 
safely  below  the  elastic  limit  it  is  held  that  the  range  of  stress  and  the  number  of  repetitions  are 
immaterial,  as  the  experiments  themselves  show  indefinite  resistance  so  long  as  the  maximum 
stress  is  below  this  limit.  There  is  much  truth  in  this  argument,  and  the  tendency  appears  now 
to  be  to  allow  liberally  for  impact  by  some  such  formula  as  cq.  (1),  and  to  neglect  the  fatigue 
element  entirely  except  for  alternating  stresses.  If  considered  at  all.  it  should  not  be  in  the  place 
of  impact,  but  in  addition  to  it. 

For  alternating  stresses  the  ultimate  strength  is  below  the  ordinary  elastic  limit,  and  this  lowered 
strength  is  recognized  in  all  specifications.  In  the  specifications  of  Appendix  A  the  requirement 
is  that  the  member  shall  have  a  sectional  area  equal  to  the  sum  of  the  areas  required  for  each  stress. 

Another  common  method  of  discriminating  between  live-  and  dead-load  stresses  is  that  of 
which  Cooper's  specifications  furnish  an  example.  Here  the  working  stress  for  live  load  is  made 
one-half  of  that  for  dead  load.  The  required  sectional  area  is  then  found  by  adding  the  area  for  the 
dead  load  and  the  live  load  calculated  separately.  This  is  equivalent  to  adding  100  per  cent  for 
impact,  and  is  also  nearly  equivalent  to  the'  usual  fatigue  formula.  It  is  exactly  the  same  as 
formula  (6).  For  alternating  stresses  Cooper  specifies  that  the  maximum  stress  of  either  kind 
shall  be  increased  by  eight-tenths  of  the  maximum  stress  of  the  lesser  kind,  and  the  member 
designed  by  the  usual  formulae  for  tension  and  compression  and  the  larger  area  taken. 

While  the  treatment  of  the  live  load  is  thus  very  different  in  different  specifications,  the  actual 
results  in  the  calculated  cross-sections  are  not  on  the  whole  very  different.  The  question  is  not  one 
of  lighter  or  heavier  structures,  but  of  a  proper  distribution  of  the  material  so  as  to  obtain  struc- 
tures which  shall  be  as  nearly  as  possible  of  uniform  strength. t 

*  Materials  of  Construction,  p.  537. 

t  See  papers  by  Henr\'  B.  Seaman  and  E.  Herbert  Stone  in  Trans  Am  Soc  C  E..  vol.  41.  1889.  pp.  140  467. 
t  For  a  summary  of  the  working  stresses  used  in  a  large  number  of  specifications  see  Bulletin  No.  ^i  of  the  Am* 
Ry.  Eng.  &  M.  of  W.  Awa-i  1903. 
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Example. — Find  the  required  sectional  area  for  a  tension  m  mber  in  whi-:h  the  dead -load 
stress  is  100,000  lbs.  and  the  static  live-load  stress  is  300,000  lbs.  by  the  following  methods:  (a)  by 
the  fatigue  formula  (4),  making  a  =»9ooo  lbs.;  (6)  by  the  impact  formula  (i)  with  L=i5o  ft. 
and  a  unit  stress  of  17,000  lbs.;  (c)  by  Cooper's  working  stresses  of  1 0,000  lbs.  for  live  load  and 
20,000  lbs.  for  dead  load. 

(a)  The  minimum  stress  =100,000  lbs.  and  the  maximum  stress  —400,000  lbs.  Then,  by  eq.  (4), 
h  «  9000(1 +  i)  —  11,250  lbs.     Area  requiied  —  400,000  -m  1,250  =  35.6  cq.  in. 

(6)  By  eq.  (i)  impact  —  300,000  X  ffj  —  200,000  lb  •.  Then  total  stress  «  100,000  +  3")o,ooo  + 
200,000  »-  600,000  lbs.     Area  required  —  600,000  -^17,000  *=-35.3  sq.  in. 

{c)  The  area  required  for  dead  load  «  100,000 -*-j 0,000  =  5  sq.  in.,  and  that  for  live  l'">ad 
—  300,000 -M 0,000  «  30  sq.  in.     Total  required  area  — 35  sq.  in. 

227.  Tension  Members  may  be  divided  into  four  kinds,  according  to  their  method  of 
construction: 

1st.  Eyebars. 

2d.  Square  or  round  rods. 

3d.  Single  shapes. 

4th.  Compounded  sections- 

I  St.  Eyebars  are  used  for  the  main  tension  members  of  pin-connected  trusses.  They  are 
generally  made  of  low  steel  of  an  ultimate  strength  of  from  56,000  to  66,000  pounds  per  square 
inch.  Steel  eyebars  are  made  by  forging  or  upsetting  the  eye  or  head  of  the  bar  in  a  die,  and  subse- 
quently 1  cheating  and  annealing  the  finished  bars  previous  to  boring  the  pin-holes.  The  quality 
of  the  finished  tar  depends  principally  on  the  annealing  process. 

In  the  following  table  are  given  typical  standard  sizes  of  steel  eyebars  (i.e.,  width  of  bar  and 
diameter  of  eye)  which  fairly  represent  the  present  practice. 

It  will  be  noted  that  there  is  a  specified  limiting  minimum  thickness  of  bar.  This  has 
been  found  to  be  advisable  on  account  of  the  manufacture,  and  because  thin  bars  will  buckle 
in  the  head  when  under  strain.  This  minimum  thickness  increases  with  the  width  of  the  bar 
and  the  diameter  of  the  eye.  The  thickness  of  the  bar  may  be  made  anything  greater  than 
this  minimum,  but  a  thickness  of  two  inches  for  bars  six  inches  wide  and  under  is  rarely 
exceeded.  As  it  is  desirable  to  use  small  pins,  and  therefore  small  eyes,  on  account  of  the 
cost  of  manufacture  and  the  amount  of  material  needed  to  make  the  eyes,  a  thickness  of  bar 
will  generally  be  selected  that  will  make  these  results  possible.  The  thicker  the  bar  the  greater 
will  be  its  leverage  and  stress,  and  consequently  the  greater  will  be  the  bending  moment  on 
the  pin  which  would  result  in  requiring  a  larger  pin  and  a  larger  eye. 
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STANDARD  STEEL  EYEBAR& 


1 


iJ- 


A 

B 

B 

D 

C 

A 

B 

B 

D 

C 

Width  of  Body 
of  Bar. 

Minimum 

Diameter   of 

Diameter  of 

Width  of 

Minimum 

Diameter  of 

Diameter  of 

Thicknen  of 
Bar. 

Head  or 
Bye 

Larirest  Pin- 
hole. 

Sec  Note. 

Body  of  Bar. 

Thickness  of 
Bar. 

Head  or 
Eye. 

Largest  Pin- 
hole. 

See  Note. 

3 

6i 

2i 

33 

6 

1 

I3i 

5i 

37 

3 

8 

4 

33 

6 

Mi 

6 

37 

3 

9 

S 

33 

6 

I 

I5i 

7;- 

37 

4 

9i 

4i 

33 

7 

1 

^i5i 

5l 

40 

4 

loi 

5i 

33 

7 

17 

7i 

40 

4 

"i 

6i 

33 

8 

I 

17 

5f 

40 

5 

"i 

4i 

37 

8 

I 

i8 

6f 

40 

5 

I2i 

5i 

37 

8 

I 

^9 

8 

37 

5 

I 

13 

^t 

37 

9 

li 

I9i 

7 

39 

5 

I 

14 

7* 

37 

9 

Ij 

2ii 

9 

39 

Note. — In  column  C  are  given  the  percentages  of  excess  of  area  of  the  eye  on  line  SS  over  the  area  of  the  body  oi 
the  bar  when  the  largest  pin-hole  is  in  the  eye. 

It  is  always  better  to  use  an  eye  the  diameter  of  which  is  about  two  and  one  quarter 
times  the  width  of  the  bar.  In  extreme  cases  the  diameter  of  the  eye  may  be  made  two  and 
one  half  times  the  width  of  the  bar,  but  it  is  never  desirable  to  exceed  this,  as  the  cost  and 
difficulty  of  manufacture  increase  rapidly  if  larger  eyes  are  used. 

The  amount  of  material  required  to  make  an.  eye,  or  the  extra  length  of  bar  required 

beyond  the  centre  of  the  pin,  is  approximately  L  =  — — ,  when  L  =  length  of  bar  required 

4A 

beyond  the  centre  of  the  pin  and  E  and  A  as  given  in  the  table, 

Eyebars  are  now  made  as  large  as  16  X  2i  inches  with  eyes  36  inches  in  diameter. 

The  tests  of  full-sized  eyebars  do  not,  as  a  rule,  give  as  high  results  in  ultimate  strength  as  the  small 
specimen  tests  of  the  material.  The  small  specimen  test  pieces  have  usually  an  area  of  one  half  of  one 
square  inch.  This  difference  in  the  results  of  the  tests  has  caused  a  great  amount  of  friction  between 
manufacturer  and  customer.  Recent  study  of  the  subject  shows  that  a  difference  in  the  ultimate  strength  of 
the  small  test  piece  and  the  full  size  bar  is  to  be  expected.  Mr.  F.  H.  Lewis,  M.A.S.C.E.*,  after  an  ex- 
haustive study  of  this  problem,  finds  that  the  losses  in  ultimate  strength  of  full  sized  eyebars  are  due  to  ihree 
distinct  causes,  viz.: 

1.  The  small  specimens  are  so  cut  from  the  original  bar  as  to  give  results  which  are  in  excess  of  the 
average  value  of  the  l>ar. 

2.  There  fs  a  legitimate  loss  in  ultimate  strength  due  to  the  annealing  of  the  finished  eyebar. 

3.  The  steel  is  not  perfectly  homogeneous  and  the  chances  of  a  "soft"  or  weak  place  are  greater  in  a 
large  bar  than  they  are  in  the  small  test  piece. 

As  the  result  of  his  study  of  this  subject,  Mr.  Lewis  recommends  60,000  pounds  per  square  inch  as  the 
minimum  ultimate  strength  of  the  specimen  test  and  56.000  pounds  per  square  inch  as  the  mininmm 
ultimate  strength  for  full-sized  steel  eyebars ;  the  maximum  ultimate  strength  to  be  70,000  pounds  per 
square  inch  in  both  cases. 
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2d.  Square  or  Round  Rods  are  used  for  all  members  requiring  sleeve-nuts  or  turn-buckles. 
They  are  the  most  commonly  employed  for  counter-ties,  lateral  and  sway  rods,  and  for  the 
rods  of  Howe  trusses.  They  are  generally  made  of  wrought-iron  when  adjustable,  as  the 
prevailing  belief  is  that  steel  is  weakened  very  much  by  the  sharp  unfiUeted  corners  of  the 
screw-threads.  Steel  bars  with  upset  screw  ends  are,  however,  being  made  with  success,  and 
all  rational  objection  to  them  is  disappearing. 

The  various  ways  in  which  rods  are  used  are  shown  in  the  figures  on  pages  284  and  285. 
Fig.  273  shows  the  forged  or  solid  eye,  Fig.  274  shows  the  ordinary  loop  eye,  Fig.  275  shows  the 
rod  with  two  screw  ends  with  either  the  ordinary  nut  or  the  clevis  at  the  ends,  and  Fig.  276 
shows  the  sleeve-nut  or  turn-buckle  detail  which  would  be  used  for  lengthening  or  shortening 
a  rod  with  solid  or  loop  eyes.  Tables  giving  the  standard  dimensions  of  these  various  details 
are  also  given. 

STANDARD   UPSET    SCREW    ENDS. 


Dimensions  in  Inches. 

SQUARES. 

ROUNDS. 

T~  1 

i 

¥' 

4 Q • 

1 

T 
a 

i.. 

iiiilii 

< 

1 

111  iir           < 

1 

r 

J^  -    -JTT^^TVVTl 

f¥\^    ■                                                                                         1 

r^ 

A 

B 

C 

D 

G 

H 

A 

B 

c 

D 

G 

H 

Side  of 

Diameter 

Area  of 

Area  at  Root 

Length  of 

Threads 

Diameter 

Diameter 

A  r<»9  nf    Ra  r 

Area  at  Root 

Lengih  of 

Threads 

Square. 

of  Screw. 

Bar. 

of  Thread. 

Screw. 

per  Inch. 

of  Bar. 

of  Screw. 

of  Thread. 
.420 

Screw. 

per  Inch. 

» 

I* 

.56 

.694 

3f 

7 

« 

I 

■307 

34 

9 

i 

li 

.76 

.891 

3f 

7 

1 

.442 

•550 

3* 

8 

I 

li 

1. 00 

1.295 

4 

6 

i 

li 

.601 

.694 

3> 

7 

>4 

I* 

1.27 

1.496 

4i 

5i 

li 

.785 

.891 

3( 

7 

li 

I* 

1.56 

2.051 

4i 

5 

li 

I| 

■994 

1.057 

4 

6 

If 

2 

1.89 

2.302 

Ak 

4i 

li 

li 

1.227 

1.295 

4 

6 

14 

2i 

2.25 

3.023 

4f 

4i 

li 

I* 

1.484 

1.744 

4l 

5 

I* 

2| 

2.64 

3.298 

5 

4 

li 

li 

1.767 

2.051 

44 

5 

i» 

2\ 

3.06 

3.7»9 

5 

4 

I* 

2 

2.073 

2.302 

44 

4i 

»i 

2f 

3.53 

4.622 

5i 

4 

l» 

2i 

2405 

2.651 

4» 

4i 

3 

2l 

4.00 

4.924 

Si 

3i 

1} 

2i 

2.761 

3.023 

4i 

4i 

'♦ 

3 

4.52 

5.428 

5i 

3i 

3 

2| 

3.141 

3298 

5 

4 

4 

3i 

5.06 

6.510 

5* 

3i 

24 

2i 

?-546 

3.719 

5 

4 

«* 

3i 

5.64 

7.548 

6 

3i 

2i 

2* 

3.976 

4.159 

54 

4 

a* 

3i 

6.25 

8.641 

6i 

3 

2| 

2f 

4.430 

4.622 

54 

4 

3f 

4 

6.89 

9.998 

6i 

3 

2i 

3 

4.908 

5.428 

54 

3i 

i 

2t 

3i 

5-939 

6.510 

51 

3i 

f 

* 

3 

3i 

7.068 

7.548 

6 

3i 

3i 

3f 

8.295 

8.641 

64 

3 

3i 

4 

9.621 

9.993 

64 

3 

Note. — Area  at  root  of  thread  in  all  cases  greater  than  area  of  bar. 

*  Sec  Trans.  Am.  Soc.  C.  E.,  1892. 
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1 


J 


Fig.  273. 


Squarb  Rods. 

Round  Rods. 

Size  of  Rod. 

Diameter  of  Rye. 

Diameter  of 

Size  of  Rod. 

Diameter  of 

Diameter  of 

'  •  Largest  Pin-hole. 

I^rfpest  Eye. 

Largest  Pin  hole 

1 

Jsq. 

3i 

2J 

I  diam.. 

2\ 

li 

I     10  i,v 

4i 

2i 

I     to  ij 

4i 

2i               , 

li     to  It5, 

4i 

2f 

li  10  If 

5 

2f          ; 

If     to  iX 

5    . 

2j 

li  10  i| 

5i 

3 

li     to  l| 

5i 

31 

If  to  il 

6 

3i 

iH  to  iH 

6 

3i 

2      to  2j^ 

64 

3i 

2        to  2  j 
2i     to  2t 

6i 

3i 

2i   to  2| 

7i 

4 

7i 

4 

2^   to  2f 

8 

4 

2^      to  2f 

8 

4 

- 

f»i 


Side  View  of  Single  Loop. 


Bide  TIesr  o<  Eoiked  Loop 


Fig.  274. 


iQil: 


Umrt;  ^CTPw-end  Rod  wKh  Bqoara  or  nezanronal  Nutii. 


i^ 


^1> 


Bcrew-«nd  Rod  with  Clerlaet, 


Fig.  275. 
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r-p-H 


STANDARD   CLEVISES. 


V 1 — H^-*! 


x|-z-HxU 


B 

B 

L 

P 

T 

w 

X 

z 

Diameter  of  Screw  Rods. 

Diameter  of 
Bye. 

Length  of 
Fork. 

Diameter  of 
Pin. 

Length  of 
Thread. 

Width  of 
Bar. 

Thickness  of 
Bar. 

Width  in 
Fork. 

Wdcht. 

t 

I 

5i 

i|  to  ai 

H 

2 

i 

ti 

5» 

4 

li 

5i 

If  to  3i 

n 

2 

i 

I| 

6» 

i| 

li 

5i 

li  to  2\ 

li 

2 

i 

l# 

7* 

!♦ 

If 

5i 

2 

If 

2 

♦  andf 

9 

l2 

s 

7 

ai 

a 

2 

i 

2I 

I3f 

9I 

H 

5'  ' 

7 

3i 

3 

2i 

i 

af 

aof 

3f 

3i 

6 

7 

3| 

2i 

1 

a| 

>5f 

af 

a» 

6J 

81 

3 

4 

5 

X 

aj 

The  dimensions  marked  can  be  varied.    Threads  may  be  right  or  left.    Dimensions  in  inches;  weights  in  pounds. 


STANDARD   SLKKVE-NUTS. 


c&s^ 


1 H 


Fig.  976. 


xS^^^ 


..„,„,««,»,, 


iJa.jJ- 


r"^Nv\\N 


r^-^ 


B 

L 

T 

w 

Diameter  of  Screw. 

Lenctb  of  Not 
or  Screw  Bnda, 

Leoffthof 
Threul. 

Diuneterof 
Hex. 

Weisitt 
one  Nut. 

f 

I 

r  6 

iW 

If 

If 

H 

ti 

6i 

If 

3 

3 

i| 

ti 

7 

Ij 

af 

4f 

i» 

If 

• 

7i 

af 

6f 

i{ 

3 

^ 

8 

aX 

3f 

9f 

2S 

2J 

•!! 

8* 

af 

3f 

lai 

af 

ai 

^■ 

9 

af 

i 

i6f 

H 

af 

.3 

9i 

all 

ai* 

3» 

3 

5 

10 

3A 

4f 

36i 

3f 

<S 

loj 

31 

5 

3a 

3i 

II 

3f 

5f 

38* 

3f 

II* 

3(1 

Sf       . 

45 

4 

la 

> 

4f» 

6f 

53f 

li 

i» 

12 

af 

3 

ii 

If 

1 

8* 

If 

3 

4 

ti 

Ii 

1 

9 

If 

af 

6f 

H 

If 

9i 

'A 

af 

8f 

It 

3 

^ 

10 

aft 

3f 

laf 

These  nuts  are  forged  with  fibres  in  direction  of  stress  and  are  of  uniform  section.  The  diameter  of  hexagonal 
part  of  any  nut  is  that  of  the  U.  S.  standard  nut  fitting  screw  of  the  larger  diameter,  given  in  the  column  B  of  table. 
Dimensions  in  inches;  weight  in  pounds. 
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For  the  loop  eye,  Fig.  274,  the  diameter  of  the  pin  is  not  limited.  The  manufacture  of 
the  loop  makes  a  weld  necessary  at  the  point  A.  As  satisfactory  welds  cannot  be  generally 
secured  with  steel,  loop>ended  rods  are  usually  made  of  wrought-iron. 

If  it  were  necessary  to  provide  for  adjustment  in  the  length  of  rods  with  solid  or  loop 
eyes,  as  would  be  the  case  for  counter-ties,  lateral  and  sway  rods,  sleeve-nuts  or  turn-buckles 
would  be  used. 

It  will  be  noticed  that  the  rods  shown  in  Fig.  275  may  be  adjusted  without  usmg  sleeve- 
nuts. 

The  tables  given  are  the  standards  adopted  by  the  Edge  Moor  Bridge  Works.  Those  used 
by  other  (Companies  vary  somewhat  in  appearance  and  in  some  of  the  details,  but  those  given 
fairly  represent  the  important  features  of  all.  Some  companies  use  a  larger  diameter  of  upset 
for  a  given  rod  than  that  given  in  the  table.     The  sleeve-nut  or  right  and  left  nut  shown  is 

often  discarded  for  the  open  turn-buckle  shown  in  Fig. 

277.     The  advantage  of  the  open  turn-buckle  is  that 

the  ends  of  the  rod  are  visible,  and  it  may  easily  be 

Fig.  277.  inspected  and  the  positions  of   the  rods  noted.     An 

objection  to  them  is  that  they  may  be  adjusted  by  running  a  bar  through  the  link,  and  are 

thus  liable  to  be  tampered  with  by  incompetent  persons.     An  improvement  which  seems  to 

be  inevitable  in  the  manufacture  of  the  screw  ends  is  the  use  of  smaller  threads. 

3d.  Single  Shapes, — The  difficulty  met  with  in  the  use  of  single  shapes  for  tension 
members  is  to  provide  proper  attachments  or  connections  at  the  ends.  It  is  assumed  that 
connecting  rivets  will  be  so  spaced  as  to  develop  the  required  net  area  of  the  shape  and  at 
the  same  time  produce  no  eccentricity  of  stress  in  the  piece  if  possible.  The  shapes  of 
iron  or  steel  generally  used  for  these  members  are  plates  and  angles.  For  a  plate  the  con- 
nectiori  is  generally  a  single  lap  joint,  which,  while  it  produces  a  small  eccentricity  of  stress, 
usually  developes  the  strength  assumed.  For  maximum  economy  of  metal,  or  maximum 
efficiency  for  the  amount  of  metal  used,  the  net  area  must  be  as  great  as  practicable.  The 
arrangement  of  rivets  shown  in  Fig.  278  {d)  secures  this  result  and  is  preferable  to  that  shown 


Pig.  878. 

in  Fig.  278  {p\  as  the  rivets  are  symmetrically  placed  with  respect  cO  the  axis  of  the  piece,  and 
the  cross-section  of  the  plate  is  reduced  by  the  cross-section  of  only  one  rivet-hole.* 

For  an  angle  iron,  and  also  for  any  unsymmetrical  shape  iron,  the  great  difficulty  is  to 

r*  place  the  rivets  so  that  they  will  be  symmetrical  about  the  neutral 
o     o      o     o     o     o)  ^j^jg  qJ  ^j^g  piece.      Angle  irons  should  always  be  attached  by  rivets 

through  both  legs  to  develop  the  greatest  strength.  Cooper  speci- 
fies that  unless  this  is  done  only  one  leg  of  the  angle  can  be  counted 
as  available  area.  This  detail  is  usually  made  as  shown  in  Fig.  279. 
Bracing  with  riveted  attachments  is  much  sniffer  than  rods 
or  bars  connecting  on  pins.  The  rivets  allow  no  motion  which 
may  occur  with  pin  connections ;  and  besides,  the  elongation  of  the 
piece  itself  is  not  so  much,  as  it  is  proportioned  for  the  «^/ area, 
Fig.  270.  while  the  stretch  must  result  from  the  elongation  of  ^^  gross  area. 

*  Fig.  291,  p.  298,  shows  a  good  arrangement  of  rivets  in  which  the  net  area  is  relatively  large  and  the 
stress  is  well  distributed  over  the  rivets. 
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Fig.  38a 


4th.  Compound  Sections^  or  those  composed  of  two  or  more  simple  shapes  riveted 
together,  are  used  for  those  cases  where  a  stiff 
tension  member  is  wanted.  If  the  end  attach- 
ments are  riveted,  care  must  be  exercised  to  so 
arrange  the  rivets  that  the  stress  is  not  applied 
eccentrically,  and  also  that  the  largest  net  area 
possible  is  obtained.  If  the  end  attachment  is 
by  means  of  a  pin,  the  ends  of  the  member 
should  be  designed  as  follows.  Fig.  280  shows 
a  compound  section  tension  member.  There 
are  four  conditions  which  must  be  fulfilled,  viz.: 

1st.  The  net  area  of  the  piece,  after  deducting  the  section  cut  out  by  the  rivet-holes 
should  be  the  greatest  possible.     This  would  be  the  net  section  on  the  line  AB  in  Fig.  280. 

2d.  The  net  area  on  the  line  CD  must  exceed  the  net  area  of  the  piece  by  twenty-five 
per  cent.*      -  ' 

3d.  The  net  area  on  a  line  EF  between  the  end  of  the  piece  and  the  edge  of  the  pin-hole 
must  be  equal  to  three  fourths  of  the  net  area  of  the  pijcce. 

4th.  The  bearing  pressure  of  the  pin  must  not  be  excessive. 

In  the  fulfilment  of  any  of  the  above  conditions,  care  must  be  taken  to  so  distribute  the 
rivets  that  the  required  value  of  each  component  piece  is  developed.  Thus,  for  the  net  area 
on  line  CD  the  net  area  of  the  top  angle  iron  is  manifestly  the  gross  area  reduced  by  one 
rivet-hole,  and  the  value  of  the  angle  iron  may  be  determined  either  by  this  net  area  or  by 
the  shearing  value  of  the  number  of  rivets  less  one  which  attach  the  angle  iron  to  the  pin 
plates  between  the  line  CD  and  the  end  of  the  piece.  The  modern  practice  of  using  steel  in 
structures  to  the  exclusion  of  wrought-iron  makes  it  much  easier  to  design  a  safe  detail,  as 
steel  has  approximately  equal  strength  in  all  directions.  Wrought-iron  has  a  strength 
perpendicular  to  its  fibre  of  about  two  thirds  the  strength  parallel  to  the  fibre. 

228.  Compression  Members. — In  Fig.  281  are  given  some  of  the  more  common  forms 
of  compression  members  for  framed  structures.  The  factors  which  usually  determine  the 
form  of  a  compression  member  are  cheapness  of  manufacture  and  the  cost  of  the  com- 
ponent shapes  of  material,  the  efHciency  of  the  form  as  a  strut  and  its  suitability  as  regards 
dependent  details.  In  Fig.  281  sections -^,'-5,  C,  Z?,  and  E  are  commonly  used  for  top  chords, 
F,  (j,  H^  /,  y,  K^  and  L  for  intermediate  posts,  and  J/,  N^  and  O  for  lateral  or  sway  struts.  In 
all  members,  whether  they  are  to  resist  tension  or  compression,  a  symmetrical  section  is  to  be 
preferred,  as  all  question  of  the  eccentric  application  of  the  stress  is  done  away  with.  It  has 
become  the  accepted  practice,  however,  to  use  the  unsymmetrical  sections  above  noted  for  top 
chord  sections.  These  sections  are  stiffer  laterally  than  the  symmetrical  post  sections 
Fy  (j,  Hy  etc.,  and  it  is  due  to  this  fact  that  they  are  preferred  for  chords  and  end  posts,  which 
are  relied  upon  to  transfer  wind  stress  in  bending. 

229.  The  Selection  of  the  Economical  Form  for  a  Compression  Member. — ^The 
rolled  shapes  commonly  used  vary  in  price,  so  that  the  designer  should  always  keep  well 
informed  as  to  the  market.  The  engineering  journals  give  very  good  market  reports  from 
which  the  above  information  may  be  obtained.  The  cost  of  the  manufacture  of  the  finished 
piece  is  almost  entirely  dependent  upon  the  quantity  of  rivets  to  be  used  and  the  facility  witV. 
which  they  can  be  driven.  It  will  be  noted  in  this  connection  that  E  (Fig.  281)  requires 
fourteen  lines  of  rivets  ;  A,  C,  D,  F,  and  G  require  eight  lines ;  By  Hy  /,/,  and  K  require  four 
lines ;  and  that  M  and  N  require  only  two  lines.  As  it  is  always  preferable  and  cheaper  to 
have  the  rivets  machine-driven,  they  should  be  so  placed  that  they  may  be  driven  with  the 


*  This  is  not  the  universal  practice,  but  is  a  safe  rule.    Some  eugiaeers  make  the  excess  of  the  area  fifty  per  cent. 
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usual  riveting  machine.  Four  lines  of  rivets  in  each  of  the  sections  G  and  /,  or  those  whicL 
attach  the  lattice  bars,  are  inside  of  the  assembled  piece  and  are  seldom  in  reach  of  a  machine, 
and  are  therefore  usually  hand-driven  and  expensive. 

There  are  no  general  rules  to  guide  the  designer  in  the  selection  of  the  proper  form  other 
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than  those  gained  by  experience.  The  best  guide,  when  the  necessary  experience  is  laoking, 
is  to  select  that  form  which  will  allow  the  simplest  and  neatest  correct  detail  for  its  con- 
nections. 

230.  The  Economical  Form  of  a  Compression  Member  to  select  to  resist  a  given 
stress  is  dependent  on  the  factors  enumerated  in  the  preceding  article,  particularly  on  the  value 
of  the  form  in  resisting  stress.  The  accepted  formulae  for  determining  the  necessary  area  for 
a  piece  of  given  external  dimensions  introduce  the  least  radius  of  gyration  as  the  only  variable 
when  the  length  of  the  piece  and  its  end  connections,  whether  flat-ended,  one  flat  and  one  pin 
end,  or  two  pin  ends,  are  constant.  The  greater  the  least  radius  of  gyration  the  less  will  be 
the  required  area  to  resist  the  stress.  This  requires  that  such  a  form  be  selected  as  will  give 
the  largest  least  radius  of  gyration.  The  various  forms  shown  in  Fig.  281  differ  in  respect  to 
their  least  radius  of  gyration  even  when  the  width  of  the  section  is  the  same.  Thus,  it  has 
been  found  that  practically  the  least  radius  for  A,  B,  C,  A  and  E  is  four  tenths  of  the  width, 
for  Fy  G,  H,  and  /  it  is  three  eighths  of  the  width,  for  L  it  is  five  sixteenths  of  the  width,  and 
for  Af  it  is  one  quarter  of  the  width.  The  forms  A,  B,  C,  D,  and  E  require  the  least  area  and 
are  further  economical  in  material,  as  they  require  but  one  side  to  be  latticed  and  hence  have 
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less  "  non-effective"  material  than  most  of  the  others.     The  form  L  has  no  latticing,  and  may 
often  be  found  to  require  less  material  on  this  account. 

231.  The  Limiting  Dimensions  of  Compression  Members. — The  natural  result  of 
determining  the  dimensions  of  a  compression  member  by  the  usual  formulae  would  be  to  select 
a  form  giving  the  largest  radius  of  gyration  and  which  would  also  be  one  of  large  width.  If 
this  were  carried  to  extremes,  it  would  result  in  large  members  of  very  thin  metal ;  and  there  is 
manifestly  a  point  at  which  the  metal  would  be  too  thin  to  be  of  any  value  as  a  strut.  The 
practice  is  to  limit  the  thickness  of  material  and  the  dimensions  of  the  piece  about  as  shown 
in  Fig.  282. 
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The  thickness  of  the  top  plate  should  not  be  less  than  one  fiftieth  of  the  distance 
between  the  rivets  connecting  it  to  the  angles;  the  thickness  of  the  side  plates  should  not  be 
less  than  one  fortieth  of  the  distance  between  the  rivets  connecting  it  to  the  angles,  and  the 
angles  should  not  be  thinner  than  two  thirds  of  the  thickness  of  the  thickest  plate  riveted 
to  them.  The  clear  width  between  the  side  plates  should  not  be  less  than  three  fourths  the 
width  of  the  side  plate  for  the  post  section,  and  not  less  than  seven  eighths  of  the  width  for 
the  chord  section  (Fig.  282),  in  order  that  the  radius  of  gyration  about  the  axis  AB  may  be 
equal  to  or  less  than  that  about  an  axis  CD  perpendicular  to  AB. 

The  unsupported  length  of  a  compression  member  should  not  be  greater  than  fifty  times 
the  least  width  of  the  member  or  one  hundred  and  fifty  times  the  least  radius  of  gyration. 
This  is  necessary  in  order  to  secure  stiffness,  which  is  as  desirable  as  strength. 

It  will  be  noticed  that  the  side  plates  in  Fig.  282  must  have  a  thickness  of  at  least  one 
fortieth  of  the  distance  between  the  rivets  attaching  them  to  the  angles,  while  the  top  plate 
is  limited  to  one  fiftieth  of  the  distance  between  rivets.  This  would  only  be  true  of  pieces 
which  are  pin-ended  and  when  the  pins  are  parallel  to  the  axis  AB,  When  the  piece  is 
square-ended  and  receives  its  stress  through  a  butt-joint,  the  thickness  of  all  plates  should 
be  at  least  one  fortieth  of  the  distance  between  rivets.  The  top  plate  of  pin-ended  members 
is  allowed  to  be  thinner  than  this,  in  order  to  allow  more  metal  to  be  concentrated  in  the  web 
plates,  which  receive  their  stress  directly  from  the  pins,  and  to  secure  a  section  as  symmetrical 
as  practicable.  It  is  conceded  that  the  advantages  thus  obtained  are  more  than  the  disadvan- 
tage due  to  the  use  of  a  thinn.er  top  plate. 

232.  End  Details  of  Compression  Members. — In  Chapter  XXI  are  given  the  principles 
which  should  govern  the  designer  in  proportioning  the  pin  plates  and  in  deciding  upon  the 
location  and  number  of  rivets  to  use  for  a  pin-ended  piece.  The  student  is  referred  to  that 
chapter,  as  the  principles  can  be  more  readily  understood  when  illustrated  by  a  practical 
example. 

If  the  member  is  square-ended  no  increase  of  the  area  is  necessary,  as  all  that  is  required 
is  that  the  piece  be  held  firmly  in  position,  in  order  to  obtain  an  even  bearing  over  the  entire 
area  of  the  cross-section. 
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-In  all  end  connections,  whether  pin  or  square,  arrange  the  rivets  so  that  their  maximun) 
efficiency  may  be  realized  and  stagger  them  or  space  them  on  zigzag  lines,  in  order  to  avoid  as 
much  as  possible  the  danger  of  local  failure  at  the  ends  due  to  the  weakening  of  the  plates  by 
the  rivet-holes.  In  some  recent  experiments  on  full-sized  compression  members,  the  pieces 
failed  by  splitting  the  plates  at  the  ends  where  they  were  weakened  by  rivet-holes  before  two 
thirds  of  the  estimated  value  of  the  piece  was  developed. 

Compression  members  theoretically  do  not  require  any  metal  beyond  the  centre  of  the 
pins  at  their  ends,  but  it  is  always  better  to  provide  metal  enough  beyond  the  pin  to  resist 
displacement  of  the  piece  by  an  external  force.  For  the  posts  of  trusses  and  like  members  it 
is  customary  to  run  the  section  of  the  post  at  least  two  inches  beyond  the  pin. 

233.  Tie  Plates  on  Compression  Members. — There  are  many  methods  of  determin- 
ing the  size  of  tie  or  batten  plates  in  use,  but  none  give  rational  results,  and  the  error  in  all 
cases  is  no  doubt  very  much  on  the  side  of  safety.  As  to  their  thickness  there  is  little  dis- 
agreement, as  all  concede  that  they  should  be  able  to  withstand  either  compression  or  ten- 
sion. In  order  that  they  may  be  able  to  resist  a  compression  stress  the  thickness  must  be  at 
least  one  fiftieth  of  the  distance  between  the  rivet  lines  in  the  segments  which  they  connect, 
or  else  the  plates  may  be  made  of  a  minimum  allowable  thickness  and  stiffened  with  angle 
irons.     These  two  cases  are  illustrated  in  Figs.  283  and  284.    As  to  the  length  of  the  tie- 
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plate  and  the  number  of  rivets  necessary  in  the  connection  with  each  segment,  there  is  a  great 
diversity  of  opinion.  Some  specifications  require  that  their  length  shall  be  one  and  one  half 
times  the  depth  of  the  piece,  while  others  require  the  tie  plates  to  be  square,  and  in  either  of 
these  cases  the  number  of  rivets  used  would  be  determined  by  the  number  which  could  be  put 
in  using  the  minimum  pitch,  usually  three  inches.  Another  specification  which  attempts  to 
be  rational  requires  that  the  tie  plates  shall  be  long  enough  to  take  sufficient  rivets  to  transfer 
one  quarter  of  the  total  stress  on  the  member  from  one  segment  to  the  other.  The  duty 
required  of  the  tie  plate  is  to  hold  the  two  segments  in  line  and  to  take  up  any  bending 
moment  which  an  eccentric  application  of  the  stress  or  an  external  force  may  produce  in  the 
segments.  In  all  compression  members  composed  of  two  channels,  either  solid  rolled  chan- 
nels  or  compounded  of  plates  and  angles,  with  the  pin  bearing  on  the  webs  of  the  channels, 
there  is  a  bending  moment  produced  in  each  segment  due  to  the  fact  that  the  neutral  axis  of 
the  channel  is  not  coincident  with  the  centre  of  the  web  of  the  channel.  The  centre  of  the 
application  of  the  stress  is  necessarily  at  the  centre  of  the  web.  This  bending  moment 
should  be  resisted  by  the  tie  plate,  and  the  rivets  connecting  the  tie  plate  to  the  segment 
should  also  be  able  to  transfer  it  from  the  segment  to  the  tie  plate.     The  amount  of  this 
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bending  moment  can  always  be  accurately  determined.  Should  the  member  be  acted  upon 
by  an  external  force  perpendicular  to  the  webs  of  the  channels,  and  if  the  tie  plate  is  placed 
some  distance  from  the  end  of  the  member,  as  is  usually  the  case,  a  bending  moment  is  pro- 
duced in  the  segments,  which  the  tie  plate  and  its  connecting  rivets  should  be  able  to  resist 
The  closer  the  tie  plate  is  to  the  end  of  the  member  the  less  the  bending  moment  from  the 
latter  cause  becomes,  hence  the  desirability  of  locating  the  tie  plate  as  near  the  end  of  the 
piece  as  practicable.  If  the  tie  plates  were  proportioned  for  the  bending  moment  produced 
by  the  eccentric  application  of  the  stress  at  the  ends  and  in  addition  thereto  for  any  probable 
external  force,  such  as  the  pressure  of  the  wind,  the  result  would  be  more  rational  and  satis- 
factory than  any  of  the  rules  now  in  use.  In  order  to  hold  the  segments  in  line,  all  that  is 
necessary  is  that  the  tie  plates  be  stiiler  against  bending  than  the  segments  which  they 
connect. 

234.  The  Latticing  of  Compression  Members. — There  are  no  rules  other  than  empir- 
ical  ones  in  use  by  which  the  size  and  spacing  of  lattice  bars  for  compression  members  are 
determined.  The  duty  of  the  latticing  is  to  hold  the  segments  composing  the  members 
together  so  that  they  may  act  as  one  piece,  to  resist  any  local  tendency  to  get  out  of  line  or 
to  buckle  and  to  transfer  any  transverse  shearing  force  to  the  ends  of  the  member.  It  is  very 
probable  that  the  first  of  these  conditions  is  fulfilled  when  the  latticing  is  continuous  from 
end  to  end  and  the  individual  bars  have  a  thickness  of  at  least  one  fiftieth  of  their  length,  so 
that  they  may  be  able  to  resist  compression  or  tension.  The  second  condition  is  fulfilled 
when  the  distance  between  the  rivets  attaching  the  lattice  bars  to  one  segment  is  less  than 
sixteen  times  the  width  of  the  segment  in  the  plane  of  the  latticing,  as  experiments  on  pieces 
in  compression  show  that  a  column  whose  unsupported  length  is  less  than  sixteen  times  its 
least  width  will  fail  by  crushing  instead  of  buckling.  The  third  condition  could  easily  be  pro- 
vided for  if  the  shearing  forces  were  known.  Any  probable  external  forces  should  be  pro- 
vided for,  but  in  addition  to  them  there  are  stresses  in  the  bars  due  to  the  bending  of  the 
strut  from  the  direct  stress  which  can  only  be  estimated.  It  has  been  suggested  that,  as  our 
compression  formulae  all  assume  a  certain  extreme  fibre  stress  due  to  the  flexure  of  the  strut, 
from  this  known  extreme  fibre  stress  we  find  an  equivalent  uniform  load  acting  in  the 
plane  of  the  latticing  which  will  produce  this  fibre  stress,  and  from  this  load  find  the  stress  in 
the  lattice  bars. 

As  an  illustration  of  the  above,  assume  the  common  straight-line  formula  for  struts,  9000  —  40  — ,  where 

r 

/=  length  of  strut  in  inches  and  r  =  radius  of  gyration  of  the  strut  about  an  axis  perpendicular  to  the 

/ 
plane  of  the  latticing.    The  term  40  —  is  the  extreme  fibre  stress  from  the  bending  moment  induced  in  the 

strut  by  the  direct  stress.  Then  the  uniform  transverse  load,  W^  which  would  produce  this  fibre  stress  in 
the  strut  would  be 

320  X  A 

W^ — l — * 

where  A  =  area  of  the  strut  and  ^  x  r  =  distance  of  the  extreme  fibre  from  the  neutral  axis.    If  tbe  lattice 

bars  were  inclined  at  an  angle  of  45°  with  the  axis  of  the  piece,  the  maximum  stress  on  the  lattice  bars 

would  be 

112^     I       320^ 
—7—  =  -  X  "Hr*  X  14. 

The  width  of  lattice  bars  with  one  rivet  at  each  end  should  be  about  three  times  the 
diameter  of  the  rivet  used. 

When  the  lattice  bars  are  long,  a  saving  in  material  may  be  made  by  using  small  angle 
irons  instead  of  flat  bars,  as  they  are  more  effective  in  resisting  compressiop  and  hence  require 
less  area  of  cross-section. 

The  common  rules  for  latticing  are  given  in  Art.  271. 
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235.  Common  Formulae  for  Compression  Members.— The  formulae  in  common  use 
for  determining  the  proper  area  of  cross-section  for  a  strut  to  resist  a  given  compressive  stress 
may  be  divided  into  two  kinds,  viz.-  1st,  those  that  plot  in  a  curve ;  and  2d,  those  that  plot  in 
a  straight  line.  Within  the  limits  of  practical  use  they  will  give  practically  the  same  results, 
and  as  the  straight-line  formulae  un;  easier  and  quicker  in  application  they  are  generally 
preferred. 

Rankine's  Formula,    •••••/  = — . 

a  =  1 8,000  when  the  strut  has  two  pin  ends ; 

a  =  24,000    "        "      "       "   one  pin  and  one  flat  end ; 

a  =  36,000    "        "      "       "   two  flat  ends. 

Common  Straight-line  Formula,        /  =  9000  —  ^— . 

^  =  40       when  the  strut  has  two  pin  ends ; 

^  =  35  "      "      "      "    one  pin  and  one  flat  end ; 

^  =  30  «      **      «      "    two  flat  ends. 

The  Pennsylvania  Lines  West  of  Pittsburgh  straight-line  formulae : 

Top  Chord  Sections,      /  =  8400  —  847  • 

Common  Post  Sections,/  =  8400  —  88 j. 

In  all  of  the  foregoing  formulae,/  =  permissible  stress  per  square  inch,  /=  length  of  the 
member  in  inches,  r  =  least  radius  of  gyration  of  the  member  in  inches,  and  h  =  least  width 
of  the  member  in  inches.  The  formulae  used  by  the  Pennsylvania  lines  are  only  to  be  applied 
to  the  chord  and  post  sections  given  in   Fig.  282,  the  general  form  of  their  equation  being 

p  =  8400  —  ^tj  when  c  is  dependent  upon  the/^rw  of  the  member.     These  formulae  also  do 

not  take  into  account  the  differing  end  conditions  of  the  member;  it  being  assumed,  no  doubt, 
by  the  engineers  of  this  road  that  all  members  of  a  truss  really  act  as  pin-ended  members,  and 
that  any  error  in  this  assumption  would  be  on  the  safe  side. 

The  constants  800Q,  9000,  and  8400  in  the  foregoing  formulae  are  used  to  determine  the 
permissible  working  stresses  for  railway  bridges  and  are  for  wrought-iron.  It  is  customary 
to  increase  /  25  per  cent  for  highway  bridges.  If  the  material  is  steel,/ would  ordinarily 
be  increased  20  per  cent  for  railway  bridges  and  50  per  cent  for  highway  bridges. 

The  parabolic  formulae  of  Prof.  Johnson  given  on  p.  169  are  the  most  rational  yet 
advanced,  and  are  to  be  recommended  for  use  as  they  are  very  easy  of  application  and  are 
the  nearest  approximations  to  the  truth  of  all  the  formulae  we  have. 
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DETAILS  OF  CONSTRUCTION. 

236.  Riveting. — The  diameters  of  the  rivets  used  in  structural  iron-work  are  \'\  \'\  i", 
f,  and  \".  Rivets  J"  and  }"  in  diameter  are  most  generally  used,  smaller  sizes  being  used 
only  in  unimportant  details,  or  where  the  clearances  in  the  piece  riveted  prohibit  the  use  of  a 
larger  rivet  Rivets  larger  than  ^'  diameter  are  only  used  in  pieces  where  the  metal  is  very 
thick  or  where  the  stresses  absolutely  require  larger  rivets.  Field  rivets,  or  those  to  be  driven 
in  the  structure  after  it  is  in  place  by  hand,  should  never  be  larger  than  f "  diameter,  and 
preferably  ^'  diameter,  owing  to  the  difficulty  of  driving  tight  rivets  of  the  larger  size  by 
hand. 

Rivets  are  usually  made  of  the  same  material  as  the  pieces  in  which  they  are  driven.  If 
steel  rivets  are  used,  they  are  made  of  a  very  soft  steel.  Field  rivets  are  often  of  wrought- 
iron  on  account  of  the  difficulty  of  drivine  eood  steel  rivets  on  erection  work.  The  range  of 
temperature  at  which  steel  can  be  effectively  worked  is  very  small,  and  as  in  field  riveting 
considerable  time  is  lost  in  passing  the  rivet  from  the  forge  to  the  riveters,  a  rivet  has  time  to 
cool  to  a  point  below  which  it  is  not  advisable  to  do  any  work  upon  it  such  as  would  be 
necessary  in  driving  it. 

237.  Size  of  Rivet-heads. — The  sizes  of  the  heads  of  rivets  vary  slightly.  The  ordinary 
sizes  are  shown  in  Fig.  285. 


Fig.  285. 

The  usual  weight  of  a  pair  of  rivet-heads  (information  usually  needed  when  calculating 
the  finished  weight  of  riveted  work)  may  be  obtained  from  the  following  table : 


Size  of  Rivet  in 
Inches. 

Weiffht  of  One  Pair 
of  Heads  in  Pounds. 

Lengrth  of  Rivet  re- 
quired to  nutke  one 
Head. 

} 
t 

I 

ail 
0.2a 

0.27 
0.44 
0.76 

3: 

The  length  of  the  material  required  to  form  one  head  is  also  given  in  the  foregoing  table. 
Rivets  are  furnished  with  one  head  formed,  the  other  head  being  made  when  the  rivet  is 
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driven.  In  ordering  rivets  first  find  the  grip  or  distance  between  the  heads  ot  tHe  rivet.  The 
grip  of  the  rivet  is  the  thickness  of  the  plates  or  parts  through  which  the  rivet  is  to  be  driven 
plus  ^  of  an  inch  for  each  joint  between  the  plates  to  allow  for  uneven  surfaces  which  prevent 
closer  contact.  This  grip  must  be  increased  in  the  ratio  of  the  area  of  the  hole  to  area  of 
the  rivet  material,  the  hole  usually  being  ^  of  an  inch  larger  in  diameter  than  the  rivet.  To 
this  add  the  length  required  to  form  one  head,  and  the  length  of  the  rivet  under  the  head  is 
obtained.  Thus,  assuming  a  J-inch  rivet  joining  three  half-inch  plates,  the  grip  would  be 
3  X  i  +  iV  ==  'iV-  Increasing  this  in  the  ratio  of  44  to  52  we  obtain  if,  nearly.  Adding  I J 
inches  for  the  head,  we  get  2J  inches  as  the  length  to  order.  Rivets  are  ordered  in  even 
eighths  of  an  inch. 

For  a  countersunk  head  add  ont  half  the  diameter  of  the  rivet  for  the  head. 

Besides  the  full-button  head  and  the  countersunk  head,  in  extreme  cases  rivets  with 
flattened  heads  may  be  used.  These  heads  are  made  by  flattening  the  button  heads,  and 
should  never  be  used  when  the  height  is  less  than  -j^  of  an  inch. 

In  calculating  clearances  it  is  always  better  to  provide  for  a  head  one  eighth  of  an  inch 
higher  than  the  standard  head  used  to  allow  for  discrepancies  in  the  length  of  material  used 
and  in  the  upsetting  of  the  rivet.  This  rule  should  apply  to  countersunk  heads  as  well  as  to 
the  other  kinds,  as  the  rivet  often  does  not  upset  sufficiently  to  bring  the  head  flush  with  the 
plates.  Chipping  countersunk  heads  in  order  to  make  them  flush  with  the  plate  is  to  be 
avoided  when  possible  as  it  will  often  loosen  the  rivets,  and  is  expensive  if  done  well. 

Countersunk  rivets  should  never  be  used  in  plates  of  less  thickness  than  one  half  the 
diameter  of  the  rivet.  Also,  as  a  matter  of  economy  in  manufacture,  they  should  not  be  used 
in  long  pieces,  as  the  extra  handling  of  such  pieces  which  would  be  necessary  in  order  to 
countersink  a  few  rivets  would  make  them  expensive. 

238.  Determination  of  the  Size  of  Rivet  to  Use. — The  diameter  of  the  rivet  should  not 
be  less  than  the  thickness  of  the  thickest  plate  through  which  the  rivet  passes,  owing  to  the 
difficulty  of  punching  holes  the  diameters  of  which  are  less  than  the  thickness  of  the  plate. 
While  this  is  not  an  impossibility,  it  is  expensive  owing  to  the  risk  of  tool  breakage.  The  size 
of  the  rivets  is  often  determined  by  the  clearances  or  space  in  which  the  rivet  must  be  driven. 
Shapes  with  small  flanges  will  require  small  rivets,  as  the  practical  limits  of  the  distance  of  the 
centre  of  the  rivet  from  the  edge  of  the  piece,  and  of  the  clearance  necessary  for  the  tool 
in  driving  the  rivet,  then  determine  what  is  the  largest  size  it  is  possible  to  use  (see  Art.  239). 
It  is  customary  and  cheaper  to  use  one  size  of  rivet  throughout  one  entire  piece,  as  a  change 
of  dies  is  avoided  and  the  punching  and  riveting  done  quicker. 

When  none  of  the  foregoing  conditions  fix  the  size  of  the  rivets,  it  is  good  practice  to  use 
that  size  of  rivet  which  will  amply  resist  all  stresses  and  be  most  economical  in  manufacture. 
Smaller  rivets  reduce  slightly  the  cost  of  punching  and  driving  and  weigh  less,  thus  effecting 
a  saving  both  in  the  cost  of  manufacture  and  of  the  material. 

239.  Practical  Rules  governing  the  Spacing  of  Rivets, — ^The  minimum  distance 
from  centre  to  centre  of  rivets  should  not  be  less  than  three  diameters  of  the  rivet.  Closer 
spacing  than  this  is  liable  to  split  or  otherwise  injure  the  material.  The  maximum  distance 
from  centre  to  centre  of  rivets  in  a  compression  member,  where  it  is  essential  that  the  parts 
riveted  act  as  one  whole,  should  not  be  greater  than  sixteen  times  the  thickness  of  the  thin- 
nest  outside  plate  riveted.  In  general,  a  maximum  pitch  of  6  inches  should  not  be  exceeded 
if  it  is  advisable  to  have  the  parts  drawn  sufficiently  close  to  prevent  the  entrance  of  water. 

In  punching  the  rivet-holes  it  has  been  found  that  they  must  be  located  a  certain  distance 
from  the  edge  or  end  of  a  piece,  in  order  to  avoid  all  danger  of  splitting  the  material.  In 
wrought-iron  the  danger  of  splitting  is  less  when  the  weak  section  is  perpendicular  to  the 
fibre  of  the  material  than  when  it  is  parallel  to  the  fibre,  because  of  the  greater  strength  of 
the  material  in  the  direction  of  the  fibre.     Hence  a  hole  may  be  punched  in  wrought-irofi 
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closer  to  the  edge  than  to  the  end.    Some  empirical  rules  for  these  distances  are  given  in 
Fig.  286. 

-^  -B- 

Edge 


Fibre 


f^thlokness  of  plate  In  Ikudiei. 

Minimum  A- jA><«+HcI 
Mlnlmun  B-K^t+Hd 


Fig.  286. 

It  will  be  noted  that  the  minimum  distances  A  and  B  depend  upon  the  thickness  of  the 
plate  and  the  diameter  of  the  rivet,  but  that  the  distance  from  the  edge  of  the  hole  to  the  end 
or  side  of  the  plate  depends  on  the  thickness  of  the  plate  alone.  It  is  well  to  exceed  these 
minimum  distances  whenever  practicable,  a  common  rule  being  to  make  the  end  distance 
twice  the  diameter  of  the  rivets  and  the  side  distance  one  quarter  of  an  inch  less.  It  must  be 
remembered  that  the  diameter  of  the  hole  is  always  one  sixteenth  of  an  inch  larger  than  the 
nominal  diameter  of  the  rivet  to  allow  the  latter  to  be  entered  while  hot.  When  the  rivet  is 
driven  it  is  upset,  and  then  completely  fills  the  hole. 

In  power-riveting,  and  also  in  the  best  hand-riveting,  a  certain  amount  of  room  is  neces- 
sary for  the  tools  holding  or  forming  the  heads.  The  ordinary  requirements  in  riveting  are 
shown  in  Fig.  287. 

By  referring  to  Fig.  287,  it  will  be  seen  that  provision  must  be  made  for  clearing  a  tool 
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Fig.  287. 
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whose  diameter  is  three  quarters  of  an  inch  greater  than  the  diameter  of  the  rivet-head. 

240.  Length  or  Grip  of  Rivets. — It  has  been  found  that  there  is  a  practical  limit  to  the 
length  or  grip  a  rivet  may  have,  which  if  exceeded  renders  it  almost  impossible  to  drive  tight 
rivets.  Those  who  have  investigated  this  subject  now  specify  that  the  maximum  grip  of  a 
rivet  shall  never  exceed  four  times  the  diameter  of  the  rivet.  This  is  a  very  essential  factor  in 
good  riveting,  and  should  never  be  overlooked.  Examples  of  bad  designing  in  this  respect 
are  very  common,  particularly  so  in  plate-girder  flanges,  where  a  series  of  thick  flange  plates 
are  riveted  to  the  flange  angles.  Often  the  bearing  plates  on  the  ends  of  a  compression 
member  are  so  thick  as  to  render  the  rivets  which  are  supposed  to  attach  them  firmly  to  the 
main  section  probably  useless.  There  is  always  a  remedy  for  such  cases,  and  it  should  be 
applied. 
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241.  Strength  of  Rivets. — Rivets  may  fail  by  shearing  off,  by  being  crushed,  or  in 
extreme  cases  of  bad  designing  by  flexure.  They  may  also  fail  by  direct  tension,  either  by  the 
head  breaking  off  or,  rarely,  by  failure  of  the  body  of  the  rivet.  The  value  of  a  rivet  in  direct 
tension  is  so  unreliable  that  its  use  to  resist  such  a  stress  is  generally  prohibited. 

The  shearing  stress  per  square  inch  usually  allowed  on  wrought-iron  rivets  is  three 
quarters  of  the  allowed  tensile  stress  per  square  inch  on  plate  or  shape  iron.  The  following 
table  gives  the  shearing  value  of  the  common  sizes  of  rivets  for  stresses  of  6000,  7500,  and 
9000  lbs.  per  square  inch,  which  are  the  most  common  values  in  use: 

TABLE  OF  SHEARING  VALUE  OF  RIVETS. 


Diameter  of  Rivet  in  Inches. 

Area  of  Rivet  in 
Square  Inches. 

Value  in  Single  Shear  at 

Fraction. 

Decimal. 

6000  Lbs.  per  Square 
Inch. 

7500  Lbs.  per  Square 
Inch. 

9poo  Lbs.  per  Square 
loch. 

f 
f 

f 

I 

0.500 
0.625 
0.750 
0.875 

I.OOO 

0.1963 
0.3068 
0.4418 
0.6013 

0.7854 

II78 
1841 
2651 
3608 

47>2 

1472 
2301 

3313 
4510 

5890 

1766 
2761 

3975 
5412 
7068 

6000  lbs.  per  square  inch  is  usually  allowed  on  railroad  work,  and  7500  lbs.  per  square 
inch  for  roadway  bridges  when  the  material  is  wrought-iron  ;  7500  and  9000  are  the  usual 
corresponding  values  used  for  steel. 

When  the  rivets  are  to  be  driven  by  hand  during  erection  (i.e.,  field  rivets)  it  is  customary 
to  increase  the  number  of  rivets  by  25  to  50  per  cent  to  allow  for  faulty  riveting.  The  diam- 
eter of  the  rivet  is  taken  to  be  that  of  the  rivet  before  it  is  driven.  The  real  diameter  of  the 
rivet  in  place,  if.  it  completely  fills  the  hole  and  if  the  holes  in  the  pieces  match  exactly,  is  one 
sixteenth  of  an  inch  larger  than  the  nominal  diameter. 

The  crushing  or  bearing  value  of  rivets  is  usually  estimated  at  so  many  pounds  per  square 
inch  on  the  bearing  area  of  the  rivet  on  the  metal  through  which  it  passes.  This  bearing 
area  is  assumed  to  be  the  diameter  of  the  rivet  by  the  thickness  of  the  piece.  It  is  also 
customary  to  take  the  diameter  of  the  rivet  in  computing  the  bearing  area  as  that  of  the  rivet 
before  it  is  driven. 

The  bearing  or  crushing  values  of  rivets  for  the  various  thicknesses  of  plates  and  the  usual 
allowed  stresses  of  12,000,  15,000,  and  18,000  lbs.  per  square  inch  are  given  in  the  following 
tables : 

TABLES  OF  BEARING  VALUES  OF  RIVETS. 
For  12,000  lbs.  p«r  sqpare  inch. 


Diameter 

Thickness  of  Plate  in  Inches. 

of  Rivet 

in 
Inches.  • 

i 

A 

1 

A 

i 

A 

f 

H 

f 

?f 

1 

in. 

1500 

1875 

2250 

2625 

3000 

3375 

3750 

4125 

4500 

4875 

5250 

f 

1875 

2340 

2810 

3280 

3750 

4220 

4690 

5150 

5625 

6100 

6560 

f 

2250 

2810 

3375 

3940 

4500 

5f)6o 

5625 

6190 

6750 

7310 

7875 

i 

2625 

3280 

3940 

459^ 

5250 

5900 

6560 

7220 

7875 

8530 

9190 

I 

3000 

3750 

4500 

5250 

6000 

6750 

7500 

8250 

9000 

9750 

10500 

For  15,000  lbs.  per  square  inch. 


in. 
i 

1875 

2340 

2810 

3280 

3750 

4220 

4690 

5160 

5620 

6090 

6560 

t 

2340 

2920 

3510 

4100 

4690 

5270 

5860 

6450 

7020 

7610 

8200 

f 

2810 

3510 

4220 

4920 

5625 

6320 

7030 

7740 

8420 

9130 

9840 

i 

3280 

4100 

4920 

5740 

6560 

7370 

8200 

9020 

9840 

10600 

1 1490 

1 

3750 

4690 

5625 

65O0 

7500 

8440 

93S0 

iocj3() 

1 1250 

1 2 190 

13120 
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For  i8»ooo  lbs.  per  square  indL 


Diameter 

TUcknets  of  Plates  In  Inches. 

of  Rivet 

in 
Inches. 

i 

A 

1 

A 

i 

A 

f 

« 

f 

« 

f 

in. 
i 

2250 

2810 

3375 

3940 

4500 

5060 

5625 

6190 

6750 

7310 

7875 

t 

2810 

3510 

4220 

4920 

5625 

6320 

7030 

7740 

844c 

9140 

9840 

f 

3375 

4220 

5060 

5910 

6750 

7590 

8440 

9290 

10120 

10960 

ii8to 

f 

3940 

4920 

59^0 

6990 

7875 

8850 

9840 

10830 

11810 

12800 

13780 

I 

4500 

5625 

6750 

7875 

9000 

10120 

1 1250 

12375 

13500 

14525 

15750 

A  bearing  pressure  of  12,000  lbs.  per  square  inch  is  usually  allowed  on  railroad  work,  and 
15,000  lbs.  for  highway  bridges  where  the  metal  is  wrought-iron.  These  values  would  be 
increased  to  15,000  and  18,000,  respectively,  if  the  material  were  steel. 

As  in  the  case  of  rivets  in  shear,  the  number  of  rivets  required  by  the  above  tables  would 
be  increased  by  from  25  to  50  per  cent  if  the  rivets  were  to  be  "  field"  rivets. 

Rivets  will  fail  by  flexure  only  in  those  cases  of  bad  designing  where  the  rivets  are  long, 
and  it  is  impossible  to  drive  them  tight  enough  to  have  them  upset  and  completely  fill  the 
holes,  or  possibly  in  those  cases  where  an  excessive  thickness  of  pin  plates  is  used  at  the  ends 
of  a  compression  member  and  the  rivets  are  relied  upon  to  transfer  the  bearing  stress  to  the 
main  section  in  a  very  short  distance.     The  latter  case  will  be  understood  from  Fig.  288. 
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Fig.  388. 

If  the  number  of  rivets  in  Fig.  288  were  determined  for  single  shear,  and  were  |  in.  in  diameter  and  the 
plates  \  in.  thick,  the  bearing  pressure  which  would  be  equivalent  to  this  number  of  rivets,  allowing  6000  lbs. 
per  square  inch  shearing  stress,  would  be  57,600  lbs.  The  bending  moment  produced  by  this  force  applied 
at  the  centre  of  the  bearing  plates  would  be  57,600  x  1}  =  72,000  in.-lbs.  (assuming  the  web  of  the  channel 
to  be  i  in.  thick).  This  moment  is  either  resisted  by  flexure  of  the  rivets  or  by  direct  tension  on  the  rivets 
near  the  pin.  No  matter  which  way  failure  would  occur,  it  can  readily  be  seen  that  stresses  are  produced 
which  ordinarily  are  not  provided  for,  and  which  may  prove  to  be  imp>ortant.  Such  details  could  be  im- 
proved by  lengthening  the  pin  plates  and  increasing  the  number  of  rivets,  as  it  would  surely  result  in 
lessening  the  stress  on  the  rivets  from  flexure  and  also  lessen  any  direct  tensile  stress.  Rivets  are  never 
proDortioned  for  flexure. 


242.  Kinds  of  Riveted  Joints. — Riveted  joints  may  be  designated  as  of  two  kinds : 
Lap  joints,  as  shown  in  Fig.  289,  and  Butt  joints,  shown  in  Fig.  290. 

Either  of  these  kinds  of  joints  may  be  single-riveted  (i.e.,  one  line  of  rivets),  double- 
riveted  (i.e.,  two  lines  of  rivets),  or  chain-riveted  (i.e.,  more  than  two  lines  of  rivets). 


298 


MODERN  FRAMED  STRUCTURES. 


The  butt  joint  is  the  one  generally  used,  and  is  the  more  effective  Joint,  owing  to  its  sym- 
metry and  the  absence  of  eccentric  stresses.  The  lap  joint  is  only  used  in  unimportant  details 
in  structural  work,  and  should  always  be  discarded  for  the  butt  joint  where  possible. 
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243.  Strength  of  Riveted  Joints. — A  riveted  joint  may  fail  either  by  the  rupture  of  the 
rivet  or  of  the  plate  ;  hence  the  maximum  efficiency  is  obtained  where  the  strength  of  the  rivets 
is  just  equal  to  the  strength  of  the  plate.  As  the  shearing  strength  of  steel  is  about  three 
fourths  of  its  tensile  strength,  it  follows  that  the  shearing  area  of  the  rivets  should  be  one 
third  greater  than  the  net  area  of  the  plate  which  is  in  direct  tension.  Also,  as  the  crushing 
strength  of  a  rivet  is  about  one  and  one  half  times  the  tensile  strength  of  the  material,  the 
bearing  area  of  the  rivet  (i.e.,  diameter  of  rivet  by  the  thickness  of  the  plate  on  which  it  bears) 
/nust  be  two  thirds  of  the  net  area  of  the  plate. 

The  maximum  economy  in  material  is  obtained  where  the  net  area  of  the  plates  or  pieces 
joined  is  the  greatest  possible.     Fig  291  shows  how  this  is  best  accomplished.     It  also  shows 


,  r\    r\    r\    r\  ^\    ^^    ^-^    ^^^ 
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the  best  arrangement  of  rivets  for  a  uniform  distribution  of  the  stress  over  the  entire  area  of 
the  plates  joined.  The  rivets  are  also  placed  symmetrically  about  the  axis  AB  of  the  plate. 
The  plate  X  in  Fig.  291  may  fail  by  tearing  apart  on  the  broken  lines  abc^  dbe^  or  on  the  line 
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fbg-.  A  failure  on  either  of  the  broken  lines  abc  or  dbe  would  be  partly  by  direct  tension  on  a 
section  perpendicular  to  the  fibre  and  partly  by  shearing  parallel  to  the  fibre.  As  the  shear- 
ing strength  is  only  about  three  fourths  of  the  tensile  strength,  the  relative  net  area  on  the 
broken  lines  abc  and  dbe  is  less  than  the  length  of  those  line§  diminished  by  the  number  of 
rivet-holes  which  are  located  on  them.  Thus,  for  the  line  abc  there  would  be  9  —  5  =  4  inches 
of  width  to  be  ruptured  in  direct  tension,  and  (6  —  2)2  =  8  inches  in  length  to  fail  by  shear- 
ing longitudinally.  As  the  material  for  shear  is  worth  only  three  fourths  of  what  it  would  be 
worth  in  direct  tension,  the  relative  value  of  the  8  inches  longitudinally  is  6  inches  trans- 
versely; hence  the  relalive  net  width  of  the  plate  is  10  inches.  The  relative  net  width  of 
plate  on  the  line  dbe  will  be  found  to  be  9  inches,  and  the  net  width  of  plate  on  the  line 
fbg  is  8  inches.  The  weakest  section  is  therefore  on  the  line  fbg.  If  the  longitudinal 
spacing  were  only  2  inches  the  strength  on  the  several  sections  would  be  nearly  the  same. 
The  net  area  of  the  cover-plates  should  be  equal  to  the  net  area  of  the  plate  spliced.  This 
can  be  accomplished  by  arranging  the  rivets  so  as  to  get  a  maximum  net  width  of  plate  and 
then  increasing  the  thickness  of  the  cover-plates  if  necessary  to  obtain  the  required  net  area. 

What  has  been  said  regarding  riveted  joints  refers  particularly  to  joints  in  tension ;  but 
it  applies  fully  as  well  to  compression  joints,  excepting  that  in  the  latter  no  attention  is  paid 
to  the  net  section,  as  it  is  generally  assumed  that  rivets  do  not  weaken  compression  members. 
Close  spacing  of  the  rivets  would  increase  the  danger  of  local  failure  in  compression  members, 
and  should  be  avoided.  In  all  joints  care  should  be  exercised  to  so  arrange  the  rivets  that 
the  stress  may  be  uniformly  distributed  over  the  area  of  the  piece. 


Watertov/n  Arsenal  Tests  on  Single-Riveted  Double-Butt  Joints. 

L     OPENHEARTH  steel  PLATESr  |  INCH  THICK,  J-INCH  COVER  PLATES. 

"^  Iron  Rivets,  Machine  Driven.    Holes  Drilled. 

Strength  lengthwise  =  56,500  lbs.  per  square  inch. 

"        crosswise    =56,500   •'      ** 
Elastic  limit  =  33,ooo   "      "       "        " 

Elongation  in  10  in.  =  26  per  cent. 
Reduction  of  area     =  55  "      " 
(Each  result  the  mean  of  two  tests.     Method  of  failure  indicated  by  bold-faced  type.) 


Matcriai  of  Plates  :     ^ 


Pitch  of 
Rivets. 

Maximum  Stress  on  Joint  per  Square  Inch. 

Sixe  of  RiTet 
and  of  Hole. 

Tension  on  Gross 
Section  of  Plate. 

Tension  on  Net 
Section  of  Plate. 

Compression  on 

Bearing  Surface  of 

RiveL 

Shearing  on 
Rivet. 

Efficiency  of 
Joint. 

inch. 
Aandf 

inches. 

I* 

39»940 
39.420 

64,900 
61,320 

103,800 
110,300 

3^,550 
41,060 

73.6 
72.6 

«    Hand* 

37,000     ' 

37.740 

4i»90o 
41,000 

64,800 
62,900 
67,050 
63.300 

86,400 

94.400 

111,800 

116,200 

26,900 
29,500 
36,900 
37,200 

68.2 

69.5 
70.1 
69.7 

««ndi 

3 

24 

34,600 
37,900 
38,900 
38,900 
39.400 
40,600 

64,900 
67,400 
65,700 
63,600 
62,400 
62,500 

74,100 

86,600 

94,400 

100,000 

107,000 

116,000 

20,000 
24,500 
25,800 
37.500 
29,300 
32.400 

63.8 
63.4 
66.1 
69.4 

71.4 
75.6 

standi 

3 

ai 
a# 
a* 
a| 

3 

34,000 
35.100 
35.600 
36,900 
37.400 
39,300 
40,100 
39.800 

68,000 
66,400 
64,200 
63,700 
62,300 
63.400 
63.100 
6x,zoo 

68,000 

74,700 

80,200 

87,600 

93,500 

103.300 

110,000 

114,400 

16,600 
18,300 
19,400 
20,400 
22,400 
24,300 
26,200 
28,000 

57.6 

59-6 

63.4 
66.8 

69.6 
67.8 
69.4 

74.1 
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II.    OPEN-HEARTH  STEEL  PLATES  i  INCH  THICK,  /j-INCH  COVER  PLATES. 

Iron  Rivets,  Machine  Driven.    Holes  Drilled. 

'Strength  lengthwise  =  58,560  lbs.  per  square  inch. 
'•        crosswise    =  58,380  **       "       "         " 

Elastic  limit  =  31,600  "      "       " 

Elongation  in  10  in.  =  24  per  cent. 
^Reduction  of  area     =50    *'      ** 

(Each  result  the  mean  of  two  tests.     Method  of  failure  indicated  by  bold-faced  type.) 


Material  of  Plates  :     ^ 


Pitch  of 
Rivets. 

Maximum  Stress  on  Joint  per  Square  Inch. 

Size  of  Rivet 
and  of  Hole. 

Tension  on  Gross 
Section  of  Plates. 

Tension  on  Net 
Section  of  Plates. 

Compression  on 

Bearing  Surface  of 

Rivet. 

Shearing  on 
Rivet. 

Efficiency  of 
Joint. 

inch. 
Handf 

inches. 

If 

2 

38.400 
39.300 
37,000 

67,100 
65.400 
59.100 

89,500 
98,300 
98,800 

36,600 
40.300 

40,800 

67.1 
68.6 

64.7 

if  and  t 

2 

S 

2* 

36,900 
37.900 
44,800 
39.800 
40,000 

69,100 
67,400 
76,100 
65,200 

63,400 

79,100 

86.700 

108,800 

102,500 

108,800 

27.700 
30,600 
37,200 
36.200 
38*500 

64.5 
66.3 

76.0 
66.4 
66.7 

Hand  I 

3 

34,400 
35,000 
36,900 
38,700 
38,700 
39.700 
40,600 

68,800 

66,000 
66,500 
66,800 
64,600 
64,700 
63,900 

68,800 
74,400 
83,200 
92,100 
96,800 
104,500 
111,500 

21,100 
22,400 
25,500 
28.300 
29,800 
31,200 
34,300 

60.2 

59-2 
61.5 

64.5 
66.9 

67.2 

67.6 

I3V  and  i( 

2l 
2} 

a* 

3 

3i 

30,400 
33,400 
33.700 
36,100 
36,400 
38,700 
38.900 
39.900 
38,900 

64,800 
66,800 
63,900 
65,000 
63,700 
65,400 
63,900 
63,900 
60,800 

57.300 
66,800 
7^.200 
81,400 
85,000 
94,700 
99»40O 
106,300 
Z08,200 

15,400 
17,600 
19.400 
22,000 
22,700 
25,800 
27,300 
29,100 
29,600 

51.5 

56.5 
58.0 

62.3 

61.6 

64.5 
67.0 

68.8 
67.7 

III.    OPEN-HEARTH  STEEL  PLATES  f  INCH  THICK,  flNCH  COVER  PLATES. 

Iron  Rivets,  Machine  Driven.     Holes  Drilled. 

'  Strength  lengthwise  =  56,100  lbs.  per  square  inch. 
crosswise    =  56,700    "     ** 

Elastic  limit  =  28,200    "     "       " 

Elongation  in  10  in.  =  27  per  cent. 
^  Reduction  of  area     =  47    *'      " 

(Each  result  the  mean  of  two  tests.     Method  of  failure  indicated  by  bold-faced  type.) 


Matenat,  of  Plates  : 


Pitch  of 
Rivet. 

Maximum  Stress  on  Joint  per  Square  Inch. 

Size  of  Rivet 
and  of  Hole. 

Tension  on  Gross 
Section  of  Plate. 

Tension  on  Net 
Section  of  Plate. 

Compression  on 

Bearing  Surface  of 

Rivet. 

Shearing  on 
Rivet. 

Efficiency  of 
Joint 

inch. 
If  and  i 

inches. 

I* 

2 

34,100 
35.900 
36,800 

64,000 
63,900 
62,600 

73,200 
82,100 
89,400 

33.100 
37.600 

40,600 

i 

61.4 

64.9 
66.9 

Hand  I 

2 

2* 

32,100 
34,100 
36,300 
37,600 
37,100 
36,300 

64,100 
64,300 
65,200- 
65,100 
61,900 
58,800 

64,100 
72,400 
81,600 
89,200 
92,900 
95,300 

25,400 
28.600 
31,800 
36.500 
36,500 

37.000 

58.3 
60.9 
63.2 

65.7 
66.3 
64.7 

i^  and  ij 

2* 

H 

2» 
2l 

31,100 
33.200 
34,500 
34.900 
36,700 
38,100 
38,400 
38,400 
37,900 

66, 100 
66,300 
65,600 
63,400 
64,300 
64,000 
63,000 
61,500 
59.200 

58,700 
66,200 
72,800 
77,500 
85,600 
93,100 
98,400 
102,500 
105,000 

20,700 
22,800 
25,200 
27.100 
29,900 
32.100 
33,900 
35,900 
37,100 

56.5 

57.9 
60.2 

62.3 
654 
665 
67.0 
68.6 
68.9 
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IV.    OPEN-HEARTH  STEEL  PLATES  f  iNCH  THICK,  t\-INCH  COVER  PLATES. 

Iron  Rivets,  Machine  Driven.     Holes  Drilled. 


Material  of  Plates  : 


Strength  lengthwise  =  58,300  lbs.  per  square  inch. 

"        crosswise    =  60,200    '* 
Elastic  limit  =  28,300    ** 

Elongation  in  10  in.  =  27  per  cent. 
^  Reduction  of  area     =48 


<4 
»4 


« 


(< 


« 


(Each  result  the  mean  of  two  tests.     Method  of  failure  indicated  by  bold-faced  type.) 


Pitch  of 

Maximum  Stress  on  Joint  per  Square  Inch. 

Sie  of  Rivet 

and  of  Hole. 

Rivets. 

Tension  on  Gross 

Tension  on  Net 

Compression  on 

Shearing^  on 

Efficiency  of 

Section  of  Plate. 

SecUon  of  Plate. 

Bearing  Surface  of 
Rivet. 

Rivet. 

Johit. 

Inch. 

laches. 

a 

32,000 

63.900 

66,  ZOO 

64,100 

30,400 

54.; 

^andl 

»i 

34.600 

73,500 

35,800 

58.6 

2i 

35,900 

64.600 

80,800 

38,900 

6a8 

»f 

36,100 

62,200 

85,700 

40.400 

61. 1 

»t 

31,500 

66,900 

62,000 

24,900 

53.4 

aj 

34.000 

68,000 

68,100 

28,700 

57.6 

a# 

35,300 

67,100 

74.700 

32,100 

598 

1^  and  i^ 

2i 

38,100 

69,300 
62,000 

84,200 

35,200 

63.0 

3t 

35.700 

83,300 

34.700 
38,900 

59.3 

21 

37.700 

63,800 

92,300 

64.0 

»i 

39.300 

64.000 

93,800 

41,300 

66.5 

a* 

29.500 

66,400 

53.200 

20,100 

50.0 

af 

33.600 

71,000 
09,300 

63.900 

23,800 

55.6 

ai 

34,700 

69,500 

26,400 

57.5 

3» 

36,500 

69.400 

77,200 

29.500 

60.4 

i^  And  li 

a» 

34,500 

63,200 

75,900 

29,200 

58.3 

a* 

38,300 

67,700 

88,200 

35.000 

63.4 

3 

37.600 

64,600 

90,200 

35.800 
30,500 

65.0 

H 

38,300 

63,600 

95,700 

64.8 

3i 

36,800 

59.700 
03,300 

95,400 

36,200 

62.3 

3f 

39,900 

107,800 

41,100 

67.5 

U.  S.  Bureau  of  Steam  Engineering  Tests  of  Multiple-riveted  Butt  Joints. 

DOUBLE-RIVETED  BUTT  JOINTS  20  INCHES  WIDE. 

Holes  Drilled.    Rivets  Staggered  and  Machine-driven. 

(Method  of  failure  indicated  by  bold-faced  type.) 


Pitch  of 
Rivets. 

Distance 

between 

Rows. 

Kind  of 
Rivet. 

Thickness 

of 

Plate. 

Strength  of 

Plate  in 

Pounds  per 

Square  Inch. 

Maximum  Stress  on  Joint  per  Square  Inch. 

Size  of  Rivet 
and  of 
Hole. 

Tension  on 

Gross 
Section  of 

Plate. 

Tension  on 

Net  Section 

of  Plate. 

Compression 

on  Bearing 

Surface  of 

Rivet. 

Shearing  on 
Rivets. 

Efficiency 
of  Joints. 

inch. 
fandH 

inches. 
3 

inchen. 

Steel 

inch. 

53,710 

42,860 
40,960 
42,720 

55,990 
53.530 
55.800 

84,320 
80,690 
84,140 

45.470 

43,000 

42540 

79.8 
76.2 

79.5 

I  and  i|V 

3f 

2 

Steel 

1 

51,190 

35,180 

36,190 
35,780 

51.J50 
52.640 
52.050 

62,560 
64,410 
63,630 

32,340 
33,210 

32.970 

68.7 
70.7 
69.9 

TRIPLE-RIVETED  BUTT  JOINTS  20  INCHES  WIDE. 


fandH 

3A 

If 

Sled 

f 

53,710 

43,460 
40,390 
44,290 

54.040 
50,200 

55.050 

69,560 
64,630 
70,790 

36,320 
33.410 
36,640 

80.9 

75.2 
82.5 

land  i-ff 

4A 

I« 

Steel 

1 

51.190 

37.910 
38,400 

37.950 

51,080 
51.720 
51.130 

53.500 

54,190 
53,560 

27,830 
28,420 
27.730 

74.1 
75.0 
74.1 

fandH 

3A 

If 

Iron 

f 

53.710 

43.600 
43,260 
43.000 

54.220 
53.780 

53,460 

69.720 
69,220 
68,820 

35.130 

36,460 

36.390 

81.2 
80.5 
80.1 
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244*  Watertown  Arsenal  Tests  of  Riveted  Joints. — In  the  preceding  tables  are  given 
the  results  of  some  tests  on  riveted  joints  at  the  Watertown  Arsenal.  They  agree  practically 
with  others  made  recently  elsewhere  and  are  worthy  of  study,  as  they  show  the  value  of  close 
riveting  in  distributing  the  stress  uniformly  over  the  piece  by  the  higher  values  of  the  net 
sections  where  the  pitch  is  the  least.  They  also  show  the  very  high  crushing  strength  of 
rivets,  their  shearing  strength,  and  seem  to  indicate  that  the  real  strength  of  a  riveted  joint 
is  the  friction  between  the  plates  caused  by  the  tension  on  the  rivets.  Almost  invariably  it 
will  be  found  that  the  tensile  strength  per  square  inch  of  net  area  of  plate  in  the  riveted 
joint  is  greater  than  the  tensile  strength  of  the  specimen  test  of  the  same  material. 

245.  The  Designation  and  Location  of  Rivets  on  Working  Drawings. — Working 
drawings,  or  those  used  in  the  manufacture  of  the  work,  should  always  show  definitely  and 
clearly  the  size,  location,  and  kind  of  the  rivets  used.  As  it  is  customary  to  use  only  one  size 
of  rivet  in  one  complete  piece,  a  single  note  on  each  drawing  giving  the  size  of  the  rivet  and 
of  the  hole  is  generally  all  that  is  necessary.  This  note  should  always  be  prominent  enough 
to  be  easily  found.  The  location  of  the  rivets,  inasmuch  as  this  is  a  question  which  should 
be  determined  by  the  designing  engineer  and  not  by  the  shop  workmen,  can  be  given  by 
dimensions  on  the  drawing.  It  must  be  remembered  that  in  the  manufacture  each  component 
piece  of  a  riveted  member  is  punched  separately,  hence  the  dimensions  must  be  given  so  that 
the  proper  location  of  the  rivets  on  them  will  be  understood.  For  plate  iron  the  rivets  are 
located  from  the  end  and  edge  of  the  piece  as  base  lines.  For  angle  and  Z  iron  the  base  lines 
are  the  ends  and  backs.  For  channel  iron  the  backs  and  end  if  the  rivets  are  in  the  flanges, 
or  from  the  sides  and  end  if  the  rivets  are  in  the  web.  In  general,  for  any  shape  use  as  a  base 
line  an  edge  which  is  definitely  finished  in  the  rolling  of  the  shape  and  never  any  filleted 
corner  or  rounded  edge.  In  the  following  table  is  given  the  usual  spacing  of  rivets  for  angle 
iron  and  the  distances  to  be  given  in  locating  rivets  for  angles,  channels,  and  I  beams. 


Width  of  Leg 
of  Angle. 


W 


1* 

2 

3 

t 

A 
4i 

5 

6 


Pitch. 


Double. 


Not 


<« 
<« 


3 


used 


« 

« 
« 
l« 
«« 
M 
«« 

a 

3i 


Single. 


if 

If 

:} 

3 

3 

4 


/ 


Besides  giving  the  size  of  the  rivets  and  their  location  it  is  necessary  to  show  on  the 
drawing  whether  they  are  full-button-headed,  flat  headed,  or  countersunk ;  also,  whether  they 
are  to  be  shop-driven  or  are  field  rivets.  This  may  be  done  by  adopting  some  conventional 
sign  for  each  of  the  different  kinds  of  rivets.  A  few  years  ago  the  conventional  signs*  shown 
on  page  267  were  generally  adopted  by  the  bridge  companies  and  consulting  bridge  engineers, 
and  it  would  save  a  great  amount  of  annoyance  if  they  were  universally  adopted.  They  have 
stood  the  test  of  continual  use  for  many  years,  and  are  to  be  recommended  for  tneir  simplicity 
and  clearness. 

•  Originally  devised  by  Mr.  Frank  C.  Osborne,  C.E. 
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The  heads  marked  a  are  countersunk,  but  are  not  chipped  so  as  to  bring  them  flush  with 
the  surface  of  the  plate.  It  is  impossible  to  determine  the  exact  length  of  material  required 
for  countersunk  rivets  which  will  result  in  tight  rivets  and  also  drive  flush  with  the  plate.  The 
heads  marked  b  and  c  are  button-heads  flattened. 


( 

c 


( 


) 


S/^ 


:) 


a- 


«-a 


) 


6-* 


6-. 


C: 


C-» 


C 


) 


•-6 


) 


^ 


x-' 


( 


::) 


MnxImnTn  height  of  headB.marked  a  •>  K  liudu 

Conventional  Rfvet  Signs. 


246.  Bolts  are  manufactured  either  "  rough "  or  "  finished."  The  finished  bolt  is  the 
rough  bolt  finished  to  exact  dimensions.  Rough  bolts  are  used  in  the  temporary  fitting  up 
of  work  in  the  shops  and  during  erection,  and  generally  for  all  woodwork.  Finished  bolts  are 
very  expensive,  and  are  only  used  in  those  cases  where  a  close  fit  is  absolutely  essential.  The 
latter  are  often  used  as  a  substitute  for  rivets,  in  which  case  they  are  proportioned  for  the 
same  allowed  stresses  as  rivets.  In  cases  where  rivets  would  be  subjected  to  direct  tension 
tending  to  pull  off  the  rivet-heads,  finished  bolts  are  now  generally  used,  as  they  are  more 
reliable  than  rivets  to  resist  such  stresses.  Where  finished  bolts  are  to  be  used  it  must  also  be 
borne  in  mind  that  the  holes  for  them  must  be  drilled  to  an  exact  fit  with  the  bolts,  and  that 
this  adds  to  the  expense.  An  advantage  of  the  use  of  bolts  in  place  of  field  rivets  is  that  the 
work  can  be  done  much  quicker,  and  when  it  is  desirable  to  erect  a  span  as  quickly  as  possible 
bolts  may  be  used  to  advantage. 

When  ordering  bolts  give  the  diameter,  length  under  the  head,  and  length  of  thread  neces- 
sary.    Tables  giving  the  standard  dimensions  of  bolts  may  be  found  in  various  handbooks. 

247.  Anchor  Bolts. — The  ordinary  anchor  bolts  which  are  used  to  hold  the  bed. plates 
of  a  spaji  in  position  are  rough  bolts  and  are  made  in  various  styles.  The  three  styles  shown 
in  Fig.  292  are  the  ones  most  commonly  used. 

The  wedge  bolt,  (a)  F'g.  292,  is  split  at  the  bottom  and  a  small  wedge  inserted,  which 
when  the  bolt  is  driven  in  expands  the  lower  end  of  the  bolt  and  prevents  its  being  pulled 
out.  The  "  rag"  or  "swedged"  bolt  (d)  has  indentations  on  its  surface.  The  bolt  (c)  has  a 
screw  thread  cut  on  its  lower  end.  When  the  bolts  are  put  in,  the  hole  is  filled  with  sul- 
phur, lead,  or  cement,  which  sets  and  holds  the  bolt. 
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Where  the  anchor  bolts  are  not  relied  on  to  resist  any  direct  tension,  they  are  put  from  six 
to  nine  inches  in  the  masonry. 

If  the  bolts  are  relied  on  to  take  a  direct  tensile  stress — as,  for  instance,  at  the  foot  of  a 
high  trestle  post  or  for  elevated-railroad  posts, — they  are  put  in  the  masonry  as  far  as  it  is 
necessary  to  insure  a  weight  of  masonry  resting  on  them  sufficient  to  resist  the  tension  on 


Fig.  399. 

the  bolt.  These  bolts  are  usually  provided  with  a  head  on  their  lower  end,  which  bears  on  an 
iron  plate.  If  made  in  this  way  they  are  built  into  the  masonry  when  the  latter  is  laid.  Bolts 
with  screw-ends,  as  shown  in  (^r).  Fig.  292,  have  been  set  in  masonry  with  cement,  and  when 
tested  have  developed  the  value  of  the  bolt  in  tension. 

248.  Pins. — The  following  table  gives  the  standard  sizes  of  pins  made  by  the  Edge  Moor 
Bridge  Works.  The  diameter  of  the  finished  pin  is  given  in  sixteenths  of  an  inch,  as  the 
material  from  which  the  pin  is  made  is  furnished  in  sizes  measured  in  even  eighths  of  an  inch, 
and  one  sixteenth  of  an  inch  is  taken  off  in  turning  or  finishing  the  pin.     The  table  also  gives 

STANDARD  TRUSS  PINS  AND  NUTS. 
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•OLID  NUT 


LOMAt  NUT 


PILOT 


Diameter  of  Pin  =  A. 


Nominal. 


In. 

3 

3J 

3i 

3f 

4 

4i 

4i 

4f 
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5i 

5i 
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6i 
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Finished. 
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Diameter  =  B. 


in. 
2 

3 
2 

2* 

2i 
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3i 

3i 

4 

4 

4 

4 

4 

4 

4 

4 
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Leng^th  =  C. 


Solid  Nut. 


Short  Diameter 
=  E. 


Long  Diameter 
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31 

3i 

4 
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6i 

6i 

7 

7 

7i 
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Lomas  Nut. 


Depth  of     Short  Diameter  Long  Diameter 
Recess  =  G.  =  H.  =  L 


in. 
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in. 

3i 

3i 

3} 
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4i 

4i 

4« 
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1} 

6 

It 

7 

7i 
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NOT2. — The  length  of  thread  for  pins  with  Lomas  nuts  is  i^  inches  for  all  pins  less  than  3f)  diameter. 
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the  standard  sizes  for  the  solid  pin  nut  and  the  LfOmas  pin  nut.  The  Lomas  nut  is  now  the 
one  most  commonly  used  ;  the  recess  in  the  nut  allowing  the  nut  to  be  drawn  up  tight  against 
the  bars  packed  on  the  pin,  as  there  are  usually  small  inaccuracies  in  the  thickness  of  the  bars 
which  prevent  an  exact  calculation  of  the  grip  of  the  pin.  Before  the  Lomas  nut  came  into 
use  a  wrought-iron  washer  bored  to  fit  the  pin  was  used  with  the  solid  pin  nut  to  accomplish 
the  same  purpose.  The  pilot  nuts  shown  are  put  on  the  pin  to  protect  the  thread  and  assist 
in  guiding  the  pin  while  it  is  being  driven. 

In  calculating  the  grip  of  pins  it  is  customary  to  increase  the  net  grip  -^  of  an  inch  for 
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each  eyebar,  and  one  fourth  of  an  inch  for  each 

riveted  compound   member.    Thus   in  Fig.  293 

the  net  grip  would  be  27  inches  but  to  allow  for 

inaccuracies  in  the  thickness  of  the  members,  the 

grip  of  the  pin  would  be  made  27}  iches.  For  the 

same  reason^  when   there  are   several   members  u^ 

packed  inside  of  a  built  section,  as  for  instance  in 

a  top  chord,  the  clear  width  inside  of  the  section 

must  be  enough  to  allow  the  eyebars  to  be  ^  of 

an  inch  thicker  than  their  nominal  thickness  and 

the  posts  or  built  sections  \  of  an  inch  wider  than 

their  net  width,  and    besides  this  the  net  clear 

width  of  the  chord  must  be  taken  as  \  of  an  inch 

less  than  the  nominal  net  width. 

The  members  on  a  pin  should  be  packed  as 

closely  as   possible.     When   it   is   necessary,  in  U    ^ 

order  to  reduce  the  bending  moment  on  the  pin, 

to  pack  eyebars  in  pairs,  they  should  be  separated  ^®-  *93- 

at  least  one  half  of  an  inch,  to  prevent  the  collection  of  dirt  and  water  and  to  allow  the  bars 

to  be  painted. 

249.  Lateral  Pins. — The  pins  used  in  the  lateral  system,  if  large,  are  the  same  as  those 

used  for  truss  pins.  If  they  are  small  or  under  2\  inches  in  diameter,  the 
cotter  pin  shown  in  Fig.  294  is  used..  Sometimes  both  a  nut  and  cotter  are 
used  on  this  style  of  pin.  Lateral  pins  should  always  be  packed  so  that 
they  will  be  in  double  shear.  This  point  is  mentioned  because  it  was 
formerly,  and  to  a  certain  extent  is  now,  the  practice  to  use  them  in  single 
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shear. 

250.  The  Calculation  of  the  Stresses  on  Pins. — A  pin  must  be  analyzed  as  a  short 
beam  which  is  subjected  to  excessive  shears  and  bending  moments.  It  must  be  dimensioned 
for  three  kinds  of  failure,  viz. : 

1.  Shearing. 

2.  Cross-bending. 

3.  Crushing. 

Dimensioning  far  Shear, — It  is  customary  to  regard  the  shearing  stress  as  uniformly  dis- 
tributed over  the  cross-section,  in  which  case  the  intensity  of  the  shearing  stress  is 


J  = 


nr 


(I) 


But  from  eq.  (lO),  page  134,  we  obtain  for  the  intensity  of  the  shearing  stress  on  the 
neutral  plane, 

^  =  i,  =  i4i; (a) 
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in  other  words,  for  a  solid  circular  section  the  maximum  shearing  stress  is  four  thirds  the 
mean  stress.  A  sufficiently  low  working  intensity  of  the  shearing  stress  is  always  taken  to 
allow  equation  (i)  to  be  used  with  safety,  or  to  assume  that  the  shearing  stress  is  uniformly 
distributed. 

Far  WroughUiron  Pins  use  for  mean  intensity  of  shearing  stress  in  pins  8000  lbs,  per 
square  inch. 

For  Steel  Pins  use  io,ocx)  lbs.  per  square  inch  for  shear. 

The  maximum  shearing  stress  at  any  section  is  found  by  making  a  continued  sum  of  the 
horizontal  and  of  the  vertical  components  of  the  forces  coming  upon  it.  The  maximum 
shear  at  any  section  is  the  square  root  of  the  sum  of  the  squares  of  the  horizontal  and  vertical 
shears  at  that  section. 

251.  Bending  Moment  on  Pins. — If  a  pin  be  regarded  as  a  beam,  the  bending  moment 
at  any  section  may  be  found  by  assuming  the  loads  to  be  concentrated  at  the  centres  of  the 
bearings  of  the  members  meeting  at  that  joint.  So  long  as  the  pin  remains  unbent  this  is 
correct.  When  the  pin  bends  appreciably  the  members  no  longer  bear  evenly  upon  it,  and 
the  above  assumption  may  become  very  erroneous,  since  both  the  forces  and  the  lever  arms 
change  as  a  result  of  the  bending,  and  the  bending  moment  becomes  very  much  less  than 
would  appear  from  the  computation. 

A  convenient  method  of  calculating  bending  moments  on  pins  will  be  illustrated  by  an  exam- 
ple. Referring  to  Fig.  357,  Art.  321,  let  it  be  required  to  determine  the  maximum  moment  on 
the  pin  at  joint  5,  with  members  arranged  as  shown  in  Fig.  362,  Art.  335.  The  stresses  will  be 
assumed  the  same  as  in  Art.  335. 

In  calculating  the  maximum  moment  on  a  pin  it  will  often  be  necessary  to  consider  more 

•  

than  one  case  as  regards  the  loading  on  the  bridge.  Thus,  in  the  present  problem,  it  may  be 
necessary  to  calculate  the  moment  for  the  case  when  the  stress  in  Be  is  a  maximum,  and  also 
when  Bb  is  a  maximum. 

I  St.  When  the  stress  in  Be  is  a  maximum. — ^The  maximum  stress  in  Be =448,400  lbs.  To 
determine  the  stresses  in  the  other  members  which  occur  simultaneously  with  the  maximum  in 
Be  it  will  be  necessary  to  calculate  the. stress  in  one  of  them,  as  Bb,  from  the  wheel  loads;  the 
stresses  in  the  two  remaining  members  may  then  be  found  from  a  force  polygon  of  joint  B,  The 
stresses  in  the  various  members,  including  impact,  are: 

£6=59,500;  «-B=*  525,500  (hor.  comp.  =  336,400,  vert.  comp.= 403,660); 

5^  =  448,400  (hor.  comp.  =  286,800,  vert.  comp.  =  344,160);  5C= 623,200. 

The  arrangement  of  members,  lever-arms,  and  components  may  be  conveniently  represented  as 
in  Fig.  295,  one-half  the  pin  only  being  shown  and  the  stresses  being  one-half  of  those  above  given.* 


|<  0.19  ^<- 2.28  >J<  1.78  >1 


Horizontal  Components: 

Moment  at  2  «=  31 1,600X0. 19=*  59,200; 


"       "  3 "=3 1 1,600X2. 47— 168,200X2.28—386,100; 
**       "  4 «  moment  at  3  ■-386, 100. 


Fig.  295. 


Vertical  Components: 

Moment  at  2  *■  o; 

"  3  =  201,800X2.28—460,100; 
"  4  =  201,800X4-06— 1 72,iooXi.78«" 513, 
Total  moment  at  2  =  59,200; 

Z'^^is^^*  100)'+  (460,100)*—  600,600; 
4  =  V  (386,100)^+  (51 3, ooo)'=»  642,100. 
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*  This  method  of  arranging  the  computations  is  due  to  Prof.  I.  O.  Baker. 
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2d  Case.  When  Bb  is  a  maximum. — The  calculations  for  this  case  will  be  as  follows: 


^.l»->k«J»*k-i.78-»i 


Horizontal  Components: 

Moment  at  2  »  328,oooX  0.19  «  62,300; 

"  3=«328,oooX2.47— 201,000X2.28-353,000; 
*'  4 —moment  at  3"-35a»ooo. 


tt 


Vertical  Components: 

Moment  at  2—0; 


Fia  2^ 


u 


« 


l< 


« 


3  =  245,oooX  2.28  «  558,600; 


4—  245,oooX  4.06—  1 52,oooX  1*78— 723,000. 
Total  moment  at  2  —  62,300; 

«        «  3=^(352,000)'+  (558,600)'- 660,200; 
**  "        "  4=.\/(352,ooo)'+  (723,000)*— 804,000. 


Comparing  resulft  we  find  the  maximum  moment  to  be  at  Bb  and  equal  to  804,000  inch- 
pounds.  In  practice  it  will  usually  be  possible  by  inspection  to  locate  approximately  the 
point  of  maximum  moment,  so  that  -the  calculations  may  be  made  with  reference  to  but  one 
or  two  points. 

In  the  case  of  pins  with  a  considerable  number  of  members  attached,  a  tabular  fonn  of 
computation  is  preferable.  Such  a  form  is  herewith  given  for  the  horizontal  components  of  the 
first  case  above  treated. 

HORIZONTAL  MOMENTS  AND  SHEARS,  HG.  295. 


Member. 

Stress. 

Shear. 

Lever-arm. 

Bending  Moment. 

Increment. 

Total  Moment. 

BC 
aB 
Be 
Bb 

+  311,600 

—  168,200 

-143,400 

0 

+  311,600 

0-19 

+    59.200 

+    59.200 
+  386,100 
+  386,100 

+  I43»400 

2.28 

+  326,900 

0 

1.78 

0 

//  My 

252.  Fibre  Stress  in  Pins. — From  the  formula  Af  =  —  or  /  =  -^  ,  we  have  for  a  solid 

,  .r.      -^        / 

cylindrical  beam 

^     Mr  M 

4 
In  the  above  example  the  pin  was  2^  inches  in  diameter;  hence  we  have,  as  the  stress  on  the 
extreme  fibre  with  the  first  arrangement. 


/  = 


10.2  X  164,300 
15.6 


=  108,000  lbs.  per  square  inch. 


Evidently  there  was  no  such  fibre  stress  in  the  pin  or  it  would  have  broken.  It  doubtless 
was  considerably  bent  under  this  load,  and  this  bending  caused  a  redistribution  of  the  eye-bar 
stresses  in  such  a  way  as  to  greatly  diminish  the  bending  moment  on  the  pin,  but  with  the 
effect  of  overstraining  some  of  the  bars.  The  pin  can  only  perform  its  function  of  trans- 
mitting the  stresses  and  distributing  them  equitably  amongst  the  members  by  remaining; 
sensibly  straight.  In  Chapter  VIII  it  was  shown  that  the  computed  stress  on  the  extreme 
fibre  of  a  bent  beam  always  exceeds  the  actual  stress  on  these  fibres  when  bent  beyond  the 
elastic  limit.     In  this  case,  although  the  pin  did  not   break  it  was  evidently  greatly  over- 
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Table  Giving  Factors  which  if  Multiplied  by  the  Bending  Moment  in  Inch-pounds  on  a  Pin  will  Give 

THE  Outer  Fibre  Stress  on  the  Pin  in  Pounds  per  Square  Inch. 


Fonnula:    f ^^21m. 


Diameter  of  Pin  in  Inches. 

a 

0.900 

si 

H 

3 
0.378 

3i        3i 

3i 

4 

4i 

4i 

4f 

5 

5i 

6 

Factor  §? 

1.275 

0.654 

0.490 

aa97  aaaS 

ai93 

ax59 

0.133 

0.1  la 

0.094 

0.082 

0.061 

0.047 

With  these  factors  and  with  the  assumed  stresses  on  the  extreme  fibre  as  given  in  the 
following  table  we  may  find  the  permissible  bending  moments  for  pins  of  various  diameters 
as  follows :  * 

Maximum  Permissible  Bending  Moments  on  Pins. 


Diuneterof 

Pin. 


Rxtreme  Fibre  Stress  per  Square  Inch. 


15000 


2470 
4380 
7080 
10710 
15420 
21330 
28590 

37340 
47700 

59830 
73860 
89920 
108200 
128700 
151700 
177300 
205600 
236800 
271000 
308300 
348900 
393000 
440500 
491800 
545800 
605900 


18000 


2960 

5250 

8500 

12860 

18500 

25600 

34310 

44800 

57240 

718CC 

88630 

107900 

129800 

154500 

182100 

212800 

246S00 

284200 

325200 

370000 

418700 

471600 

528700 

590200 

655000 

727000 


20000 


3290 

5830 

9430 

14280 

20550 

28430 

38100 

49760 

63570 

79740 

98430 

II9800 

144100 

171500 

202200 

236300 

274000 

315600 

361100 

410900 

465000 

523700 

587100 

655400 

727800 

807800 


21000 


3450 
6130 
9910 
15000 
21580 
29850 
40050 
52250 
66750 

83750 
103400 
125900 
15 1400 
180200 
212400 
248200 
287800 
331500 
379300 
431600 
488400 
550000 
616600 
688500 
764200 
S482OO 


22500 


3700 
6560 
10620 
16070 
23130 
32000 
42890 
56000 
71560 

89750 
I 10800 
134900 
162200 
I93IOO 
227600 
266000 
308400 
355200 
406500 
462500 
523400 
589400 
660800 
737700 
818700 
908800 


In  the  case  of  suspension-bridge  pins  where  nearly  the  same  total  stress  is  transmitted 
continuously  in  one  plane,  the  transverse  load  being  relatively  very  small,  the  stresses  in  these 
may  be  omitted  in  finding  the  stresses  on  the  pins.  There  are  then  three  methods  of  arrang- 
ing a  series  of  eyebars  on  a  pin,  as  shown  in  Figs.  297,  298,  and  299.  In  the  first.  Fig.  297, 
the  bars  are  all  the  same  size,  and  alternate  as  shown.  In  the  second,  Fig.  298,  they  are  of 
the  same  size  and  are  arranged  in  pairs.  In  the  third,  Fig.  299,  the  two  outer  bars  are  one 
half  the  width  of  the  others,  and  are  arranged  alternately. 

In  the  first  case  the  bending  moment  increases  regularly  from  the  end  to  the  centre,  each 
pair  of  bars  forming  a  couple  the  moments  of  which,  on  either  half  of  the  pin,  are  all  of  the 
same  sign.  The  maximum  bending  moment  on  the  pin  is  here  nPt^  where  n  is  one  half  the 
number  of  bars  coming  to  the  pin  from  one  direction,  or  n  =  number  of  couples  on  one  half  of 
the  pin ;  P  =  stress  in  one  bar ;  and  t  =  thickness  of  one  bar  plus  ^  in.  for  probable  spacing. 

*  See  also  Table  C  of  Appendix  A. 
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In  the  second  case,  the  bars  being  in  pairs,  the  greatest  moment  is  that  due  to  but  one 
couple,  since  this  moment  is  at  once  reduced  to  zero  by  another  couple  of  the  opposite  sign. 
Or  the  maximum  moment  here  is  Pt. 

In  the  third  case,  the  outer  bars  being  half  the  thickness  of  the  others,  the  moment  is 
still  less,  as  shown  by  the  moment  diagrams  accompanying  the  several  arrangements. 

The  arrangement  in  pairs,  Fig.  298,  can  often  be  used  in  packing  lower  chord  joints  in 
truss  bridges.  A  little  intelligence  and  care  in  fixing  the  arrangement  of  these  members  on 
the  pin  may  prevent  very  serious  blunders  when  it  comes  to  erection.  The  exact  arrange- 
ment  should  always  be  dearly  indicated. 


Fio.  99T. 


Fio.  398. 
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253.  The  Bearing  or  Crushing  Value  of  Pins  is  taken  as  so  many  pounds  per  square 
inch  on  the  bearing  area  of  the  pin  on  the  bearing  plates.  This  area  is  found  by  multiplying 
the  diameter  of  the  pin  by  the  thickness  of  the  bearing.  The  usual  pressure  allowed  is  12,000 
pounds  per  square  inch  for  railway  and  15,000  pounds  per  square  inch  for  highway  construction 
if  either  the  plates  or  the  pin  or  both  are  of  iron.  If  both  the  bearing  and  the  pin  are  of  steel, 
15,000  and  18,000  pounds  per  square  inch  are  the  corresponding  values  which  are  commonly 
used. 

The  pressure  between  the  bearings  of  eyebars  and  pirs  is  usually  not  limited  except  by  a  clause  in  the 
specifications  which  limits  the  minimum  diameter  of  ihe  pin  iii  tliree  fourths  the  width  of  the  bar.  When 
this  minimum  pin  is  used  the  bearing  pressure  per  square  inch  is  33!  per  cent  greater  than  the  tensile  stress 
per  square  inch  on  the  bar,  which  is  not  an  excessive  ratio. 

The  dis^ram  given  on  page  3 10  gives  the  bearing  value  of  pins  on  plates  of  different  thick- 
nesses allowing  a  pressure  of  12,600  pounds  per  square  inch.  Similar  diagrams  allowing  15,000 
and  18,000  pounds  per  square  inch  should  be  made  for  practical  use. 

254.  The  Bearing  Strength  of  Rollers.* — When  a  cylindrical  roller  bears  on  a  flat 
itlate,  or  transmits  a  load  when  resting  between  two  flat  beds,  the  linear  element  in  cont.nci 
for  a  zero  pressure  becomes  a  surface  of  considerable  width  as  the  pressure  increases,  since 
the  materials  of  both  bed  and  roller  are  clastic.  The  law  of  the  distributicn  of  the  stress 
from  this  small  contact  area  over  the  cross-section  of  roller  and  plates  is  unknown.     The 


*  The  diKUSsion  conlained  in  this  and  Ihe  foUoning  article  Is  taken  from  a  paper  cootribuied  by  Prof.  Johnion  li 
tbe  Engtaeers'  Club  of  St.  Louis,  December,  jSga. 
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BEARING  VALUES  OF  PLATES  ON  PINS  OF  DIFFERENT  DIAMETERS. 
Allowed  Bearing  Pressure  12,000  Pounds  per  Square  Inch. 
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intensity  of  this  stress,  too,  is  always  far  beyond  what  is  ordinarily  known  as  the  elastic 
limit.  This  limiting  stress  corresponds  to  the  maximum  distortion  which  will  entirely  dis- 
appear when  the  load  is  removed,  or  to  the  initial  permanent  set.  This  permanent  set  or 
fixed  distortion  is  a  kind  of  cold  flowing  of  the  material.  When  a  plain  cylindrical  column 
is  subjected  to  a  uniform  compressive  stress  over  its  entire  cross-section,  as  in  Fig.  300,  it 
'i?ay  be  said  to  be  in  a  condition  of  free  fiaw^  since  it  is  free  to  spread  in  all  direction! 


"1 1 !""! I"! I"! I ' 
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throughout  the  length  of  the  column.  In  Fig.  301  the  material  is  compressed  uniformly  over 
a  small  area,  as  with  a  die.  Here  there  is  a  flowing  of  the  metal  laterally,  and  then  vertically, 
finding  escape  around  the  edges  of  the  die.  This  is  a  condition  of  confined  or  restricted  flow, 
and  evidently  the  elastic  limit  here  will  be  much  higher  than  with  the  simple  column.  In  Fig. 
302  the  surface  is  compressed  by  a  cylinder,  or  sphere,  the  greatest  distortion  being  at  the 
middle  of  the  area  of  contact.  When  this  metal  is  forced  to  move,  or  flow,  it  can  find  escape 
only  out  around  the  limits  of  the  compressed  area.  But  at  these  limits  the  metal  is  very 
little  compressed,  and  hence  must  be  moved  from  the  centre.  The  confining  ring  of  metal 
inside  the  limits  of  exffeVnal  flow  is  now  much  wider  and  hence  the  resistance  to  flow  much 
greater,  so  that  this  condition  will  be  found  to  have  a  higher  elastic  limit  stress  than  that 
shown  in  Fig.  301,  and  very  much  above  the  ordinary  "  elastic  limit  in  compression,"  which  is 
found  for  the  free-flow  condition  of  Fig.  300. 

What  the  relation  between  stress  and  strain  is  in  the  case  of  a  roller  on  a  plane  surface  is 
also  unknown.  It  is  evidently  not  that  given  by  the  ordinary  modulus  of  elasticity,  called 
Young's  modulus,  which  gives  the  relation  for  uniform  direct  stress,  as  in  Fig.  300. 

Therefore,  since  we  do  not  know  the  elastic  limits  for  rollers  on  planes,  and  have  no 
knowledge  of  the  particular  distribution  of  the  stress,  or  of  the  modulus  of  elasticity,  under 
such  conditions,  it  is  evident  that  we  are  not  in  a  condition  to  make  a  theoretical  analysis  of 
the  problem.  All  such  analyses  as  have  been  made  of  this  class  of  problems,*  as  of  bearing 
rollers,  of  wheels  on  rails,  which  is  the  case  of  two  cylinders  crossing  at  right  angles,  and  of 
spheres  on  planes,  have  been  made  on  very  violent  assumptions,  and  the  conclusions  are  far 
from  agreeing  with  the  facts  as  shown  by  experiment. 

255.  The  Problem  Solved  Experimentally. — In  order  to  obtain  data  for  solving  the 
problem  of  the  bearing  strength  of  rollers  experimentally.  Profs.  Crandall  and  Wing  of  Cor- 
nell  University  made  a  careful  and  elaborate  series  of  experiments  on  rollers  1,2,  3,  and  4 
inches  in  diameter,  on  plates  i\  inches  thick,  using  cast-iron,  wrought-iron,  and  steel  in  both 
rollers  and  plates,  in  all  combinations.  Thirty-three  combinations  of  sizes  and  materials,  and 
in  all  about  two  hundred  observations  of  loads  and  corresponding  areas  of  contact,  were  made. 
These  experiments  have  never  been  published  or  discussed,  but  they  were  loaned  to  the 
authors  of  this  work,  and  they  have  given  them  a  very  thorough  study  and  analysis.  Several 
assumptions  were  made  as  to  the  distribution  of  the  stress,  and  all  abandoned  as  inadequate. 
Si:  vra:;  finally  decided  to  make  a  purely  empirical  analysis  of  the  results  and  obtain  such  cqua 

^  Sec  a  paper  on  the  Strength  of  Metallic  Rollers,  by  Prof.  Johnson,  in  Journal  Assoc.  Eng.  Soc^,  Vol   IVs  p  iio 
iico  Prof.  Purr's  Bridge  and  Roof  Trussef, 
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tions  as  they  would  give.  The  observations  were  made  by  using  a  coating  of  tallow  to  shovi 
the  area  of  contact  It  soon  became  evident  that  the  widths  of  contact  had  usually  been 
taken  too  great,  especially  for  the  lighter  loads  and  for  the  larger  diameters.  When  these 
were  corrected  (the  corrections  being  from  coi  to  0.03  inches,  the  observed  widths  being  re- 
duced by  these  amounts  in  several  instances)  the  analysis  showed  the  following  relations  \ 

Let  p  =  load  in  pounds  per  litiear  inch  of  roller ; 
D  =  diameter  of  roller  in  inches ; 
A  =  area  of  contact  per  linear  inch,  in  square  inches, 

=  width  of  surface  of  contact  in  inches  ; 
fg  =  compressive  stress  in  pounds  per  square  inch  at  centre  of  area  of  contact ; 
/^ ^  compressive  stress  at  the  elastic  limit; 
/^  =  working  value  of  the  compressive  stress. 
Cf  if  and  K  =  constants  determined  from  the  observations. 

It  was  found  that 

A^ii^f (I) 

where  i  has  different  values  for  the  different  materials. 

B_^    ^  The  distortion  area  ABCD^  Fig.  303,  may  be  con- 

—  sidered  as  the  segment  of  a  parabola,  in  which  case  the 

ordinate  BD  is  f  of  the  mean  ordinate.     If  the  stress  be 

assumed  to  be  proportional  to  the  strains,  or  distortions, 

the  maximum  stress  would  also  be  }  of  the  mean  stress. 

^^  Or  we  could  write 


/*=H. « 


2A 


From  (i)  and  (2)  we  have 


/-(^)>i>. <j) 


The  first  indentation  of  the  rollers  and  plates  were  not  very  closely  observed  in  these 
experiments,  but  in  a  very  careful  set  of  experiments  made  by  Prof.  A.  Marston,  who,  in  con- 
nection with  Prof.  Crandall,  has  fully  discussed  this  whole  problem,*  the  elastic  limits  of  steel 
rollers  on  steel  plates  were  carefully  determined.  In  these  latter  experiments  eleven  rollers 
were  employed  from  i  in.  to  i6  in.  diameter.  These  results  show  that  the  elastic-limit  load 
with  soft-steel  rollers  on  steel  plates,  per  linear  inch  of  roller,  is 

A  =  ^A (4) 

where  ^  is  a  constant,  and  in  these  experiments  was  found  to  be  880  for  soft-steel  roller  and 
plate.  Hence/  =  880Z?  for  soft  steel.  By  combining  eqs. (3)  and  (4),  we  find  the  elastic  limit 
stress  at  the  centre  of  the  area  of  contact  to  be 


*  See  paper  by  Professors  Crandall  and  Marston  in  Trans,  Am,  Soc.  C,  £,,  Vol.  XXXII.,  p.  99,  and  also  disc^ssioo 
of  same,  p.  305. 
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■''  ~  2    k' 


(5) 


Here  both  c  and  ^  are  constants  depending  on  the  materials. 

From  both  sets  of  experiments  named  above,  we  can  derive  the  following  approximate 
values  of  k,  c,  and/«. 


CombinatioQ  of  Materials. 


Cast-iron  roller  on  cast-iron  plate . 
Cast-iron  on  wroagbt-iron  or  steel. 
Soft-steel  roller  on  soft-steel  plate. 


0.00050 
0.00040 
0.00036 


1460 
960 

880 


/* 


115,000 
115,000 
124,000 


If  the  working  stress  be  taken  at  about  one  fifth  the  elastic  limit  stress  for  cast-iron,  and 
at  about  one  third  that  stress  for  wrought-iron  and  soft  steel,  we  have  as  the  working  load  per 
linear  inch  of  roller  for  all  combinations  of  cast-iron^  wrought-iron^  and  soft  steely  and  for  all 
diameters  from  i  inch  to  16  inches^ 

p^looD. (6) 

\i  Pz=,  total  load  to  be  carried,  and 

/  =  total  length  of  bearing  rollers,  we  have 


/    300-^ 


(7) 


In  case  the  load  is  liable  to  be  unequally  distributed  over  the  rollers,  it  may  be  advisable 
to  take  smaller  working  stresses.  As  an  extreme  case,  where  the  load  may  be  concentrated  on 
one  half  the  rollers,  but  using  in  this  case  factors  of  safety  of  3.5  and  of  2  on  the  elastic  limit 
strength,  in  place  of  5  and  3  respectively,  as  before,  we  would  have 


/  =  200A 


or 


/  = 


2oo2>' 


(8) 


(9) 


256.  A  Good  Design  for  Heavy  Movable  Bearings. — Figs.   304  and  305  are  taken 
from   Mr.  Geo.  S.   Morison's  design  for  the  movable  bearings  on  the  middle  pier  of  the 
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Fig.  305. 
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Memphis  Bridge,  there  being  a  fixed  span  of  621  feet  on  one  side  and  a  cantilever  span  of 
790  feet  on  the  other.  Thus  this  movable  support  sustains  a  length  of  span  of  over  705^  feet, 
which  has  a  dead  load  of  some  5,000,000  pounds  and  a  live  load  of  some  3,000,000  pounds 
more,  or  some  4,000,000  pounds  total  load  on  each  support.  In  order  to  increase  the  bearing 
surface  without  making  the  sole  plate  of  the  shoe  too  great,  the  sides  of  the  cylindrical  rollers 
ire  cut  out  and  thus  they  may  be  made  of  large  radius,  as  shown  in  the  accompanying  figures. 
These  rollers  are  15  inches  in  diameter  and  are  spaced  8  inches  apart.  There  are  fifteen  of  them, 
each  112  inches  long,  or  1680  linear  inches  of  roller  under  each  truss  bearing.  This  is  nearly 
2400  pounds  per  linear  inch.  By  our  formula/  =  yyoD  per  lineal  inch.  Since  D  here  is  15 
inches,  our  formula  would  allow  4500  pounds  per  linear  inch,  or  nearly  twice  the  actual  load 
on  these  rollers.  The  distribution  of  the  loads  evenly  over  the  rollers  from  the  pin  is  a  very 
important  matter,  and  the  method  here  adopted  of  using  two  courses  of  I-beams  above  and 
a  course  of  railroad  rails,  with  one  flange  removed  so  as  to  pack  solidly  together,  for  a  base, 
and  below  all  a  high  casting  for  distributing  evenly  upon  the  pier,  is  to  be  commended.  An 
objection  which  can  be  made  to  the  scheme  is  that  it  is  very  expensive. 

257.  Provision  for  Expansion.— All  spans  under  75  feet  usually  rest  on  planed  bed-plates 
and  expand  or  contract  by  sliding  on  the  surface  between  the  sole  and  bed-plate.  Spans  over 
75  feet  are  usuUy  provided  with  rollers  under  the  sole-plates.  Without  some  such  device  for 
lessening,  the  friction  the  continued  changes  due  to  expansion  or  contraction  would  tend  to  destroy 
the  masonry.    For  the  shorter  spans  the  amount  of  contraction  or  expansion  is  small  and  the 

weight  on  the  masonry  and  consequent  friction  is  also  relatively 
small.  When  rollers  are  used  the  girders  or  trusses  should  be  sup- 
ported on  an  end  pin  and  shoe  so  designed  as  to  distribute  the 
weight  uniformly  over  the  rollers.  When  rollers  are  used  under 
the  sole-plates  of  girders  without  any  pin  or  shoe  the  deflection  of 
the  girders  transfers  the  pressure  to  the  inner  end  of  the  sole-plate 
and  to  a  few  rollers  at  that  end  of  the  nest..  A  typical  detail  of 
the  shoe  and  pin  construction  for  girder  spans  is  shown  in  Fig.  306. 
For  long  spans,  say  over  100  feet,  the  fixed  ends  of  the  spans 
should  be  supported  on  a  shoe  and  pin  to  avoid  damage  to  the 
masonry  from  the  deflection  of  the  girders  or  trusses. 
Expansion  may  be  provided  for  by  suspending  the  end  of  the  span  on  links  and  pins. 
The  support  of  the  suspended  span  of  a  cantilever  bridge  is  a  familiar  illustration  of  this  con- 
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struction.  In  general  the  link  and  pin  construction  should  be  used  in  all  cases  when  the 
movement  is  great.  The  allowed  bearing  pressure  between  the  links  and  pins  should  be  lower 
than  that  allowed  on  truss-pins  in  order  that  the  wear  due  to  the  motion  may  be  a  minimum. 

Fig*  307  shows  such  a  design  for  an  elevated  railway.  For  this  form  of  structure,  how- 
ever, the  usual  expansion  joint  is  of  the  type  illustrated  in  Fig.  416,  Art.  411. 

In  viaducts  where  the  girders  rest  on  the  caps  of  the  columns  the  girders  expand  by  slid- 
ing on  the  column  caps.  Usually  the  longitudinal  girders  of  elevated-railroad  structures  are 
allowed  to  expand  on  brackets  built  out  from  the  cross  girders. 

The  towers  of  viaducts  are  allowed  to  expand  by  sliding  on  their  bed-plates.  There  are 
two  ways  for  providing  for  this  expansion,  as  shown  in  Fig.  308.     In  plan  (i)  the  base  of  the 
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columns  a  are  fixed  or  anchored  fast  to  the  masonry  while  the  bases  of  columns  b  are 
allowed  to  move  in  the  direction  of  the  arrows.  In  (2)  the  base  of  c  is  fixed  and  the  bases  of 
columns  //are  allowed  to  expand  in  the  direction  of  the  arrows.  In  each  of  these  cases  the 
bottom  struts  of  the  tower  must  be  made  strong  enough  to  overcome  the  friction  of  the 
column  on  the  bed-plates  considering  the  tower  unloaded. 

In  making  allowance  for  expansion  a  variation  of  temperature  of  150  degrees  is  usually 
provided  for.     The  change  in  length  is  generally  assumed  to  be  one  inch  in  eighty  feet. 

258.  The  Design  of  the  Truss. — For  through  spans  the  Pratt  truss  with  inclined  end 
posts  has  been  found  to  be  the  most  economical  for  spans  under  180  feet ;  from  180  to  225  feet 
the  curved  chord  single  intersection  truss  is  generally  used,  and  above  that  length  the  curved 
chord  single  intersection  truss  with  sub-panels.  For  skew  through  spans  the  straight  chord 
must  be  used  for  all  lengths,  or  a  curved  chord  truss  with  one  inclined  and  one  vertical  end 
post  may  be  used.  In  the  latter  case  the  portal  strut  would  connect  the  vertical  end  post  of 
one  truss  with  the  vertical  hanger  from  the  top  pin  of  the  inclined  post  of  the  other  truss. 
When  inclined  end  posts  are  used  in  a  skew  bridge  the  two  end  posts  that  the  portal  connects 
must  have  the  same  inclination  in  order  that  the  portal  may  not  be  a  warped  surface. 

For  deck  spans  the  triangular  truss  will  generally  be  found  to  be  economical.  For  long 
spans  sub  panels  would  be  ijised.  In  general  deck  spans  are  more  unstable,  unless  made  very 
wide  centre  to  centre  of  trusses,  than  through  spans,  as  the  floor  and  the  train  surface  exposed 
*:o  the  wind  are  further  from  the  shoe  or  point  of  support.  However,  if  the  dtfck  span  is  sup- 
ported on  the  end  top  chord  pin  it  is  more  stable  than  a  through  span,  as  the  wind  force  on 
the  bottom  chord  produces  a  negative  moment  to  that  of  the  wind  force  on  the  floor  and  train 
surface.  Deck  skew  spans  supported  on  the  end  bottom  chord  pin  are  to  be  avoided  when 
possible  owing  to  difficulty  of  designing  efficient  end  sway  bracing. 

259.  Various  Methods  of  Sub-panel  Trussing. — In  Fig.  309  are  shown  three  methods 
in  use  for  supporting  the  floor-beam  at  the  intermediate  panel  point  in  4  sub-panelled  truss. 
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As  a  question  of  economy  there  is  practically  no  difference  between  them,  (c)  being  a  little 
more  expensive  than  the  others.     Design  (^)  is  to  be  preferred  because  the  primary  concep- 


tion of  the  truss  is  to  have  all  diagonals  tension  members  and  in  all  cases  there  is  no  ambiguity 
of  stresses. 

260.  Stiff  End  Bottom  Chords. — A  great  many  engineers  require  that  the  end  bottom 
chord  members  of  a  through  span  be  made  stiff.  It  has  been  found  that  this  adds  consider- 
ably to  the  rigidity  of  the  span,  but  no  definite  method  of  proportioning  these  members  has 
been  advanced.  The  wind  causes  a  compressive  stress  in  these  members,  but  rarely  enough 
to  overcome  the  tension  from  the  vertical  load.  As  a  matter  of  safety  the  wind  stress  in  the 
bottom  chord  should  always  be  computed  and  the  most  unfavorable  assumptions  possible 
made,  and  if  the  tension  is  overcome,  or  nearly  so,  the  chord  should  be  made  stiff. 

These  stiff  chords  are  made  by  stiffening  the  eyebars  as  shown  in  Fig.  3  lo,  or  by  using  a 
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compound  section  of  four  angles  or  of  two  channels  latticed.  In  either  case  it  must  be  noted 
that  the  section  is  reduced  by  the  rivet-holes,  and  in  proportioning  for  the  tensile  stress  the 
net  area  must  be  used. 

261.  Stiff  Floor-beam  Hangers. — When  a  floor-beam  is  suspended  from  a  pin  sonr.e 
distance  above  the  beam  the  hanger  or  tie  supporting  the  beam  is  often  made  stiff.  The 
advantage  of  a  rigid  member  for  such  cases  is  that  greater  stiffness  of  the  entire  structure  i.' 
obtained.  The  hanger  may  be  made  of  any  of  the  various  forms  mentioned  for  stiff  bottom 
chords. 

Engineers  differ  as  to  the  form  of  the  member  to  use  in  the  case  of  a  stiffened  tie,  some  holding  that  it 
should  simply  be  that  of  a  tension  member  braced  as  shown  in  Fig.  310,  while  others  prefer  that  it  sliould 
be  made  of  the  ordinary  post  section.  The  form  sliown  in  Fisf.  310  no  doubt  looks  better,  but  as  the  post 
section  is  the  stiffer  form  and  can  be  made  amply  strong  it  will  make  a  more  rigid  member. 
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262.  Collision  Struts  are  sometimes  used  to  brace  the  end 

post  against  a  horizontal  force,  generally  assumed  to  be  that  of  a 

train  off  the  track,  striking  the  end  post,  in  the  plane  of  the  truss. 

They  are  redundant  members  of  doubtful  utility  and  are  not  gen* 
>uiaioii strut  ^j.^iiy  ygg^j^     pig^  2  J  J  gjjQ^g  ^jjg  ygyj^j  position  of  this  strut 

^'''  263.  Sub-Struts  are  those  struts  which  are  used  to  stiffen 

compression  members  of  a  truss  by  holding  them  against  flexure.    Thus*  in  Fig.  312  the 


n&  sit. 

sub-struts  ^  support  the  top  chord  sections  in  the  middle  and  reduce  their  unsupported  length 
as  a  long  column  one  half.  The  strut  9  similarly  braces  the  main  vertical  posts.  A  saving  in 
material  is  often  accomplished  by  the  use  of  these  struts,  as  the  area  required  in  the  top 
chords  or  posts  to  resist  their  compressive  stress  is  less  owing  to  the  shorter  unsupported 
lengths. 

264.  The  Design  of  the  Floor  System. — The  main  objects  to  be  sought  after  in  the 
design  of  the  floor  system  are  strength  and  stiffness  of  the  floor-beams  and  stringers  and 
rigidity  in  their  attachments  to  the  floor-beams  and  to  the  trusses.  As  the  floor-beam  is 
usually  utilized  as  a  strut  of  the  lateral  system,  it  must  be  located  as  near  as  practicable  to 
the  chords,  which  also  serve  as  chords  for  the  lateral  system,  and  further,  the  beams  must  be 
in  such  a  position  that  the  lateral  rods  may  be  put  in  below  the  cross  ties  and  be  in  the  plane, 
or  nearly  so,  of  the  chords. 

To  secure  beams  and  stringers  of  sufficient  strength  it  is  only  necessary  to  use  sufficiently 
low  unit  stresses  in  proportioning  them.  The  usual  permissible  stresses  in  practice  fulfil  this 
condition.  To  secure  ample  stiffness  the  deflection  of  the  beams  and  stringers  underload  must 
be  considered.  In  general,  it  may  be  said  that  the  deflection  of  a  beam  varies  directly  as  the  stress 
per  square  inch  on  the  flanges  and  inversely  as  the  depth.*  Hence,  an  increase  in  stiffness  may 
be  obtained  by  increasing  the  depth  of  the  beams  and  stringers  or  by  decreasing  the  permis- 
sible unit  stresses  on  the  flanges.  As  a  reduction  of  the  allowed  unit  stresses  would  result  in 
increasing  the  amount  of  material  necessary  in  the  beams  and  stringers,  it  is  economy  to 
obtain  the  required  stiffness  by  increasing  their  depth.  For  the  usual  unit  stresses  the  stringers 
should  have  a  depth  not  less  than  one  twelfth  of  their  length.  Stringers  having  less  depth 
than  this  would  have  a  perceptible  deflection  which  would  tend  to  loosen  the  rivets  attaching 
the  stringer  to  the  floor-beam.f  The  tendency  at  present  is  to  the  use  of  deep  floor-beams  and 
stringers.  Stringers  having  a  depth  of  one  sixth  to  one  tenth  of  their  length  are  commonly 
used  and  are  generally  the  most  economical  in  material. 

To  secure  the  greatest  amount  of  rigidity  in  the  floor  system  the  stringers  should  be 
riveted  between  the  floor-beams  and  the  beams  riveted  to  a  stiff  member  of  the  truss.     In 


*  See  column  4  of  labalar  form,  p.  143. 

f  In  many  of  the  old  iron  bridges  now  in  use  the  stringers  arc  too  shallow  and  their  end  connections  are  coo- 
£)miaUy  giving  way  due  to  the  excessive  deflection  bringing  a  tensile  stress  on  the  rivets.  This  weakness  of  the 
riveted  connection  of  the  stringer  to  the  beam  is  often  cited  as  a  fault  of  this  kind  of  connection,  but  it  is  really  due  to  the 
fact  that  the  stringer  is  too  shallow.  Shallow  stringers  sometimes  fail  by  the  splitting  of  the  web  plate  at  the  endt^  • 
failure  which  would  only  occur  in  the  case  of  a  faulty  detail  of  the  ends. 
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264a.  Attachment  of  tlie  Floor  System  to  the  Girders  or  Trusses.— Fig.  313  shows  the 
construction  in  the  case  of  a  through  plate-girder  span.    In  most  cases  where  through  plate-giider 


Fig.  313. 

spans  are  used  the  distance  from  the  track  to  the  under  side  of  the  bridge  is  limited,  making  it 
necessary  to  place  the  floor-beam  as  near  the*  bottom  of  the  supporting  girders  as  possible.    It 


Fig.  314. 


Fig.  315- 


Fig.  316. 


Fig.  317. 
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is  possible  in  extreme  cases  to  place  the  floor-beam  so  low  that  the  bottom  flanges  of  floor-beam 
and  girders  are  in  the  same  plane,  but  as  this  necessitates  cutting  off  or  bending  the  floor-beam 
flange  and  notching  the  floor-beam  web,  it  is  well  to  avoid  this  detail  if  possible. 

Fig-  314  shows  the  construction  in  the  case  of  a  through  riveted  truss  span.    It  will  be  noted 


Fig.  318. 


Flo.  319. 


that  this  detail  is  more  satisfactory  than  can  be  made  for  pin-connected  trusses  when  the  floor- 
beam  must  be  so  located  as  to  clear,  or  notched  out  to  clear,  the  lower  chord  and  pin. 

Figs.  315*  316,  and  317  illustrate  the  case  of  the  floor-beam  enveloping  the  lower  chord  and 
cut  out  to  clear  same  and  end  of  truss-pin.    This  is  the  most  usual  position  of  the  floor-beam  for 


Fig.  320. 


Fig.  321. 


Fig.  322. 


Fig.  323. 


a  through  pin-connected  span,  and  the  detail  Fig.  315  is  the  one  generally  used.  It  will  be  noted 
that  the  distance  from  grade  or  track  to  under-clearance  line  of  truss  is  a  minimum  and  a  very 
satisfactory  lateral  connection  can  be  made. 

Figs.  318  and  319  show  the  floor-beam  placed  below  the  lower  chord,  attached  to  a  plate 
hanger,  and  with  the  vertical  post  extended  respectively.  The  distance  from  grade  to  under- 
clearance  line  IS  a  minimum,  but  no  satisfactory  detail  for  the  lateral  connection  can  be  made. 
Floor-beams  should  not  be  placed  below  the  pin  except  in  short  spans  when  the  lateral  stresses 
are  not  great. 

Figs.  320  and  321  show  the  floor-beams  placed  between  the  chords,  immediately  above  the 
lower  chord  and  below  the  top  chord  respectively.  Good  lateral  connections  are  possible  in 
either  case,  but  for  Fig.  320  the  distance  from  grade  to  under-clearance  line  is  not  a  minimum. 
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Figs.  322  and  323  ow  the  cases  of  wooden  floor-beams  or  cross-ties,  and  steel  floor-beamfl 
supported  directly  on  the  top  chord.  Satisfactory  details  for  lateral  connections  can  be  had  in 
either  case. 

In  general  for  truss  spans  it  is  desirable  that  there  be  vertical  members  to  which  the  floor- 
beams  may  be  attached,  a  condition  not  realized  in  the  Warren  or  Pegram  types  of  trusses,  unless 
redundant  members  are  added.  For  such  trusses  the  floor-beam  is  placed  below  the  lower  chord 
or  attached  to  gusset-plates  from  the  inclined  members  of  the  truss.  This  makes  it  difiicult  to 
secure  a  satisfactory  detail. 

For  riveted  trusses  a  satisfactory  detail  for  the  attachment  of  the  floor-beams  and  laterals 
is  usually  much  more  easily  obtained  than  for  pin-connected  trusses. 

265.  Lateral  Systems  and  their  Connections. — In  structures  with  steel  floor  systems  the 
floor-beams  are  used  for  the  struts,  and  the  girder  or  truss  chords  for  the  chords  of  the  lateral  truss. 
In  order  to  secure  a  detail  involving  a  minimum  eccentricity  of  stress  the  plane  of  the  lateral  truss 
must  coincide  as  closely  as  possible  with  the  plane  of  the  truss  chords.  These  planes  can  be  easily 
made  to  coincide  in  riveted  truss  or  girder  construction,  but  for  pin-connected  structures  it  is 
impossible  to  do  so,  and  the  detail  Fig.  315  is  about  the  best  practical  one  yet  designed.  For 
long  spans  in  which  the  lateral  stresses  are  of  considerable  magnitude  the  lateral-system  details 
become  of  great  importance. 

The  practice  now  is  to  use  riveted  connections  for  lateral  truss  members,  and  the  members 
themselves  are  made  in  the  common  form  of  struts,  although  they  are  usually  proportioned  for 
tension  only.  Rods  with  pin  connections  or  equivalent  were  formerly  used  for  laterals,  but  their 
use  has  been  almost  entirely  abandoned.  This  is  undoubtedly  a  distinct  advance  in  design,  as 
much  more  rigid  structures  are  the  result. 

The  usual  lateral  connection  is  indicated  on  the  figures  showing  the  attachment  of  the  floor- 
beams. 

266.  Portal  and  Sway  Bracing. — Considerable  attention  has  been  paid  of  late  years  to 
the  design  of  efficient  portal  bracing.  The  fact  that  the  connections  for  the  portal  are  sub- 
jected to  severe  reverse  stresses  and  that  the  stress  in  the  end  post  is  usually  of  considerable 
magnitude  makes  the  problem  very  difficult  and  the  necessity  for  correct  designing  very 
apparent.  The  connection  with  the  end  post  should  be  such  that  it  will  withstand  both 
tension  and  compression,  and  the  end  post  should  receive  its  stress  centrally.  Practically 
these  conditions  cannot  readily  be  fulflUed,  as  it  is  probably  impossible  to  make  a  central 
attachment  to  the  end  post.  The  usual  plan  is  to  rivet  the  portal  strut  between  the  end 
posts  and  rely  on  the  rivets  in  the  connection  for  the  transfer  of  the  stress.  For  the  shorter 
spans  this  has  proved  by  experience  to  be  sufficient,  but  nevertheless  there  are  parts  which 
are  stressed  beyond  what  would  ordinarily  be  allowed.  For  long  spans  the  portal  strut  is 
now  usually  made  a  box  girder  with  the  webs  in  the  planes  of  the  top  plates  and  of  the 
under  sides  or  tie  plates  of  the  two  end  posts.  The  connecting  plates  extend  across  the  entire 
width  of  the  end  post  in  both  planes.  This  avoids  direct  tension  on  rivets  and  is  as  nearly 
central  as  it  is  possible  to  make  the  joint. 

Skew  portals  increase  the  difficulties  in  the  design,  as  they  bring  in  a  very  serious 
question  as  to  the  manufacture.  They  are  difficult  to  make  fit,  requiring  very  careful  and 
accurate  work,  and,  as  in  all  similar  cases  requiring  close  work,  the  designer  is  necessarily 
limited  in  the  style  of  his  detail  or  connection.  Skew  bridges  should  always  be  designed  with 
parallel  end  posts. 

The  portal  if  necessarily  shallow  is  composed  of  one  strut  the  cross-section  of  which  is  similar 
to  a  plate  or  single-web  lattice  girder.  If  the  depth  of  truss  admits  of  it,  a  strut  at  the  top  of  the 
end  post  and  one  as  far  down  as  the  required  headroom  will  allow,  with  diagonal  rods  or  braces 
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between,  is  used.    The  common  forms  used  for  portals,  and  the  stresses  in  the  various  parts, 
are  discussed  in  Chapter  VII. 

For  through  bridges  in  which  the  height  of  truss  will  admit  of  it  intermediate  sway  bracing 
is  put  in  between  the  posts  at  each  panel.  This  sway  bracing  usually  consists  of  a  strut  connecting 
the  two  opposite  posts  of  the  two  trusses,  and  diagonals  in  the  plane  of  and  connecting  the  top 
strut  and  this  sway  strut.  They  are  usually  of  some  minimum  size,  as  their  function  is  merely 
to  prevent  vibration. 

Where  the  height  of  truss  will  not  permit  of  sway  bracing  like  the  above,  knee  braces  are  used. 

For  deck-truss  spans  intermediate  sway  bracing,  see  Figs.  321,  322,  and  323,  is  put  in  at  each 
panel.  This  intermediate  sway  bracing  is  usually  of  some  nominal  size  unless  it  be  a  special  case 
where  extra  stifiFness  is  required,  as  in  the  case  of  a  biidge  carrying  a  track  on  a  curve. 

Sway  bracing  must  be  used  at  the  ends  of  all  deck  spans  of  sufficient  strength  to  transfer  top 
lateral  forces  from  the  top  lateral  system  to  the  shoe.  This  end  bracing  will  be  most  efficient  if 
nut  in  the  plane  of  the  end  posts  which  carry  the  dead  load  of  span  to  the  shoe. 

The  present  practice  is  to  use  angles  for  diagonals  and  riveted  connections. 

267.  Top  Chord  Joints. — The  splices  or  joints  of  the  top  chord  are  made  as  shown  in 
Figs.  336,  337,  338,  339,  and  340,  the  most  common  ones  being  that  shown  by  Fig.  336  for  an 
intermediate  top  chord  joint  and  that  shown  by  Fig.  340  for  the  joint  at  the  top  of  the 
inclined  end  post.  For  the  intermediate  joint  the  two  chord  sections  are  planed  off  to  a  true 
surface  and  the  bearing  of  the  sections  on  each  other  is  relied  on  to  transfer  the  stress.  Side 
and  top  splice  plates  are  riveted  to  each  section  to  hold  them  in  position.  The  field  rivets  in 
these  splices  must  be  so  located  that  they  will  be  accessible  for  driving  after  the  chords  posts 
and  ties  are  in  place.  The  splice  is  usually  located  on  the  side  of  the  pin  furthest  from  the 
centre  of  the  span.  The  hip  joint  or  that  at  the  top  of  the  end  post  (see  Fig.  340)  is  made  in 
a  different  manner ;  the  two  sections  do  not  bear  on  each  other,  but  an  opening  of  from  one 
quarter  to  three  eighths  of  an  inch  is  left  between  them,  and  the  bearing  plates  on  the  pin  for 
each  section  are  made  thick  enough  to  transfer  the  stress.  This  style  of  joint  is  often  used 
for  those  intermediate  top  chord  joints  in  curved  chord  bridges  where  the  two  sections  of 
chord  make  an  angle  with  each  other,  instead  of  the  joint  shown  in  Fig.  339. 

268.  The  Shoe. — The  reason  for  the  use  of  a  shoe  at  the  end  of  a  span  is  to  insure  a 
uniform  pressure  on  the  rollers  or  to  secure  an  evenly  distributed  pressure  on  the  masonry. 
The  usual  limits  for  the  bearing  of  the  shoe  on  the  masonry  are  from  200  to  300  pounds  per 
square  inch.  In  order  that  the  pressure  may  be  uniform  on  the  rollers  or  the  masonry  it  is 
necessary  that  the  shoe  be  stiff  enough  to  so  distribute  it.  This  requires  that  the  ribs  of  the 
shoe,  if  they  are  made  of  the  thickness  required  for  the  bearing  of  the  end  pin,  must  also  be  made 
deep  enough  to  give  the  required  stiffness.  Very  deep  shoes  are  however  to  be  avoided  or 
else  they  must  be  given  ample  lateral  stiffness,  as  the  ribs  of  the  shoe  are  relied  on  to  transfer 
all  the  wind  force  from  both  the  top  and  bottom  lateral  systems  to  the  masonry. 

When  two  shoes  rest  on  one  pier  it  is  always  better  to  have  them  rest  on  one  continuous 
bed-plate  under  both  shoes.  This  plate  acts  as  a  tie  to  bind  the  pier  together  and  to  prevent 
the  friction  of  the  shoes  from  cracking  the  masonry. 

269.  The  Packing  of  Joints. — The  members  connecting  on  a  pin  should  always  be  so 
arranged  as  to  produce  as  small  a  bending  moment  as  practicable,  and  they  should  always  be 
arranged  symmetrically.  Ample  clearances  for  inaccuracies  such  as  are  liable  to  occur  in 
manufacture  should  be  allowed.  The  pieces  should  be  so  placed  that  no  cutting,  or  as  little 
as  possible,  of  the  flanges  of  compression  members  is  necessary  for  fits.  Always  keep  in 
mind  that  the  laterals  must  be  located  as  nearly  as  possible  in  the  plane  of  the  chords. 
Eyebars  should  never  be  bent  in  order  to  pack  nicely  on  the  pins  they  connect,  but  it  should 
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be  an  invariable  rule  to  have  them  as  nearly  parallel  to  the  plane  of  the  truss  as  possible. 
Details  which  require  accurate  work  or  fitting  in  the  field  should  be  avoided,  as  the  chances 
are  that  in  the  hurry  to  "  swing"  the  span  it  will  be  neglected.  Details  should  be  used  which 
will  facilitate  the  work  of  erecting  if  at  no  sacrifice  of  strength. 

270.  Camber.* — Bridges  are  so  constructed  that  they  will  when  loaded  to  their  capacity 
take  the  form  which  was  assumed  in  the  calculation  of  the  stresses.  This  is  accomplished  by 
curving  the  trusses  upward,  i.e.,  giving  them  a  camber.  This  is  done  by  increasing  the  length 
of  the  top  chord,  decreasing  the  length  of  the  lower  chord,  and  making  the  corresponding 
necessary  changes  in  the  length  of  the  diagonals.  Formerly  the  rule  was  to  give  all  trusses  a 
camber  or  raise  the  centre  of  the  span  one  twelve-hundredth  of  the  length  of  the  span.  This 
rule  has  now  been  very  generally  superseded  by  one  which  more  nearly  satisfies  the  theoretical 
conditions,  and  that  is  to  make  the  top  chord  one  eighth  of  an  inch  longer  than  the  bottom 
chord  for  every  ten  feet  in  length  of  span.  The  old  method  would  make  the  camber  the 
same  for  all  depths  if  the  span  length  were  constant,  while  the  new  recognizes  almost  per- 
fectly the  fact  that  the  deeper  the  truss  the  less  the  deflection  under  load  will  be  and  hence 
the  less  the  camber  should  be.  The  following  formulae  will  be  found  to  be  serviceable  in 
finding  the  camber  when  the  increase  in  length  of  the  top  chord  over  the  bottom  chord  is 
known,  or  to  find  the  necessary  increase  in  length  of  top  chord  when  the  camber  is  known. 


Let  ^  = 
. 
%  = 

/  = 


Then 


camber  in  inches ; 

increase  in  length  of  top  chord  over  the  bottom  chord  in  inches; 

height  of  truss  in  feet ; 

length  of  span  in  feet* 


%  - 


In  some  bridge  works  it  is  customary  to  increase  or  diminish  all  truss^  members  by  the 
amount  of  their  estimated  distortion  under  their  maximum  loading.  This  gives  a  camber 
equal  to  the  deflection  as  computed  by  the  method  given  in  Chapter  XV, 

271.  Sizes  of  Lattice  Bars. — The  following  table  gives  the  ordinary  sizes  of  lattice  bars 
used  on  compression  members  of  railroad  bridges.  By  the  depth  of  the  member  is  meant  the 
size  of  the  channels,  rolled  or  compounded  of  plate  and  angles,  which  are  used  in  the 
member. 


Depth. 

Lattice. 

Depth. 

Lwttififj 

Id. 

in. 

m. 

in. 

7 

ifXi 

14 

3^X1 

8 

3   XA 

3    Xft 

15 

aiXf 

9 

16 

8iXf 

xo 

a  Xf 

18 

(4   Xf  single 
]  2}  X  f  double 
(4    X^  single 
i  2i  X  t   double 

19 

3}Xf 

over  18 

(3   XsXiLsingle 

*  See  also  Chapter  XV,  p.  219. 
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CHAPTER  XIX. 

THE  PLATE  GIRDER. 
THEORETICAL  TREATMENT. 

272.  The  Moments  and  Shears  in  a  plate  girder  at  any  section  are  found  from  the  outef 
forces  in  the  same  manner  as  for  a  section  of  a  truss,  and  as  explained  in  Chapter  11.  The 
relations  of  moments  and  shears  in  a  solid  beam  and  also  in  an  I  beam  or  in  a  plate  girder  are 
explained  in  Chapter  VIII.  It  is  there  shown  that  the  vertical  shearing  stress  in  the  web  of  a 
plate  girder  is  nearly  uniform  throughout  its  depth,  at  any  vertical  section,  and  in  the  follow- 
ing analysis  it  will  be  assumed  to  be  uniformly  distributed.  The  bending  moment  comes 
from  the  shear  acting  with  lever  arms  measured  longitudinally  along  the  girder.  The 
resisting  moment  is  developed  first  in  the  web  and  is  transferred  to  the  flanges  through  the 
rivets  as  the  web  distorts  under  the  moment  which  is  developed  in  it.  The  moment,  there- 
fore, is  primarly  in  the  web,  and  the  amount  of  bending  moment  which  is  resisted  by  the  web 
is  necessarily  such  a  proportion  of  the  bending  moment  at  a  given  vertical  section  as  the 
moment  of  resistance  of  the  web  is  to  the  total  moment  of  resistance  of  the  girder  at  that 
section.  Since  the  web  and  flanges  distort  together  as  a  solid  beam,  there  is  no  reason  why 
the  web  should  not  be  assumed  to  resist  its  due  proportion  of  the  bending  moment.  There 
can  be  no  question  but  that  it  does  actually  perform  this  service. 

Let  F  =  area  of  one  flange  section,  not  counting  the  included  portion  of  the  web ; 
h  =  height  of  girder  between  centres  of  gravity  of  flanges ; 
/  =  thickness  of  plate  in  web ; 
/"=  stress  allowed  per  square  inch  in  flanges. 

Then  the  total  moment  of  resistance  of  the  girder  is 

M^^Ffk^^' (I) 

Calling  th  =  A^  area  of  web,  we  have,  as  the  moment  of  resistance  of  the  wets 

ftff  _Afk     Af. 

Hence 

^•  =  (^+^)>*- ♦  « 

l*his  shows  that  the  influence  of  the  web  in  resisting  bending  moment  is  fully  provided 
for  when  one  sixth  of  its  area  is  added  to  each  flange  area,  as  indicated  in  equation  (2). 

Where  there  is  a  vertical  line  of  rivet-holes  in  the  web  plate  the  influence  which  these 
holes  have  in  reducing  the  moment  of  resistance  of  the  web  must  be  taken  into  account.  The 
assumption  that  the  net  moment  of  resistance  of  the  web  is  equivalent  to  a  flange  area  of  one 
eighth  of  the  gross  area  of  the  web  plate  is  not  far  in  error  in  any  practical  case.     It  must 
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also  be  borne  in  mind  that  the  web  has  the  same  effect  on  both  tension  and  compression 
flanges,  and  that  it  is  not  correct  to  use  one  sixth  of  the  gross  area  of  web  for  the  web 
equivalent  in  the  compression  flange  and  to  use  one  sixth  of  the  net  area  of  the  web  as  the 
corresponding  equivalent  for  the  tension  flange,  as  is  sometimes  done.  The  web  resists  a  cer- 
tain amount  of  the  bending  moment,  and  the  flanges  must  be  proportioned  for  the  remainder. 
Making  this  change  in  equation,  (i)  and  (2),  we  have,  for  practice, 


M.  =  Ffh  + 


8 


(lA) 


and 


M,  =  (f+  dyA. 


(2A) 


lit 


000 


-G- 


di 


M 


cs 


273.  The  Web  of  a  plate  girder,  or  of  a  floor-beam  or  stringer,  is  made  of  a  single 
^late   if  possible.     In   general,  web   plates  are   ^     ^     ^   ^   ^   ^  ^     ^      _q^ 
limited  by  the  conditions  of  manufacture  to  a   }o  ^  0^0^0(0  00       o      { 
net  weight  of  3000  to  4000  pounds  for  standard 
prices.     If  more  than  one  plate  is  required,  it  is 
customary  to  make  up  the  web  symmetrically  as 
to  the  splices  in  it. 

In  light  work,  as  for  highways,  a  minimum 
thickness  of  one  fourth  inch  may  be  used  up  to  a 
width  of  5  or  6  feet.  Such  plates  are  apt  to  be 
more  or  less  buckled,  hpwever.  For  railway  work 
a  minimum  thickness  of  three  eighths  of  an  inch 
should  be  used  for  all  depths ;  this  thickness  to 
be  increased  if  necessary  to  give  sufficient  bear- 
ing area  on  the  rivets  at  the  flanges. 

274.  Plain  Web  Splices.— The  web  carries 
all  the  shear  (or  nearly  all,  and  is  assumed  to  carry 
all,  see  Art.  130)  and  its  due  proportion  of  the 
bending  moment.*  When  it  has  to  be  spliced, 
the  shearing  and  bending  stresses  at  that  section 
must  be  provided  for  by  double  splice  plates 
with  a  sufficient  number  of  rivets.  With  a  three- 
eighths  web,  five-sixteenths  splice  plates  would  be  used.  To  find  the  proper  number  of  rivets 
to  use  in  such  a  splice, 

Let  5  =  shear  on  the  section ; 
M^  =  moment  at  the  section ; 
F  =  area  of  one  flange ; 
M  =  area  of  the  web ; 

/,  =  fibre  stress  per  square  inch  in  the  flange  at  that  section ; 
r  =  resistance  of  one  rivet ; 
211  =  number  of  rivets  on  one  side  of  splice ; 


000 


Fig.  341, 


Theix  we  have,  from  eq.  (2A), 


/.= 


M. 


i^+'iV 


«    (3) 


*  When  the  flanges  are  proportioned  for  carrying  all  the  bending  momenty  the  web-splice  may  be  proportioned  for 
carrying  the  shear  only. 
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This  is  the  flange  stress  at  that  section.     Having  this,  we  find  the  total  moment  carried  by 
the  web  from  the  usual  formula, 

^-  =  ^ U) 

The  splice  must  provide,  therefore,  for  the  shear  5  and  the  moment  M^  Since  the 
shear  is  supposed  to  be  uniformly  distributed  over  the  web  (see  Art.  272),  the  shearing 
stress  on  each  rivet  is 

'•  =  ^- <s) 

For  resisting  the  bending  moment  on  the  web  the  rivets  are  not  equally  stressed.  Since 
the  bending  stresses  are  zero  at  the  neutral  axis  and  increase  uniformly  to  the  maximum  value 
/,  at  the  extreme  rivet,  the  moment  stress  in  each  rivet  will  be  as  its  distance  from  the 
neutral  axis.  Its  arm  is  also  as  this  distance  ;  hence  the  moment  of  resistance  of  the  rivets 
are  as  the  squares  of  their  distances  from  the  neutral  axis. 

If  d^y  d^y  d^j  etc.,  are  the  distances  of  the  rivets  from  the  neutral  axis,  then  the  moments 
of  resistance  of  the  several  rivets  will  be  ad^^  ad^^  ad^^  etc.,  on  one  side,  and  ad^y  ad^,  ad^y 
etc.,  on  the  other.  If  the  rivets  on  one  side  of  the  joint  be  taken  in  pairs,  symmetrical  about 
the  neutral  axis,  the  moments  of  resistance  of  the  several  pairs  are  2ad^y  2ad^y  2ad^y  etc., 
where  a  is  the  resistance  of  one  rivet  at  a  unit's  distance  from  the  neutral  axis.  The  sum 
of  the  moments  of  the  several  pairs  of  rivets  must  equal  the  total  moment  of  resistance  of  the 
web  at  this  section,  as  given  by  eq.  (4).     Therefore  we  have 

2^^.*+^;+^;.  ..+o  =  ^-v (6) 

or 


a=z 


2{d:+d:+d: .  .,  +  0 


(7) 


Since  a  is  the' rate  of  increase  in  the  stress  on  the  rivets  out  from  the  neutral  axis,  it  is 
equal  to  the  bending  stress  on  the  extreme  rivet  divided  by  its  distance  out,  rf„.  The  allow- 
able stress  from  cross-bending  on  this  rivet  is  equal  to  Vr^  —  r/  =  r^ ,  since  the  shearing 
stress,  r, .  and  the  stress  from  bending,  r^ ,  act  at  right  angles  to  each  other  and  both  combine 
to  produce  the  allowable  stress  r.     We  have,  therefore, 

^  _  ^ M„ 

or 

2(rf*)  =  ^^^. (9) 


2r« 


But  2{dy  =  (i*  +  2*  +  3*  +  etc.) (pitch)',  and  the  sum  of  the  squares  of  the  serial  numbers 

-       n{n -{- i)(2n -\- i)      ^, 
l»  2,  3, . .  •  «  is  equal  to g .     Therefore  we  may  write 

62(O  =  «(«+0(2«+iXP»tch)'  =  3^^. 


But  pitch  =  — ;  hence  we  may  write 


(10) 


(n  +  iX2«  +  I)  _  3M, 


«•*« 
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where     n  =  one  half  the  number  of  rivets  in  a  web  splice  on  one  side  of  the  joint  ^ 
M^  =  the  moment  carried  by  the  web, 

=  ""y*  where /J  is  given  by  eq.  (3), 

d^  =  distance  out  from  neutral  axis  to  extreme  rivet  in  splice ; 

Tfli  =  working  resistance  of    extreme    rivet    to  bending    stress  =  V^^^^i^  where 

r  =  total  resistance  of    rivet  and  r«  =  shearing  stress  on  rivet  =  — . 

Equation  (11)  would  be  solved  by  trial.    The  splice  plate  may  have  to  be  made  so  wide 
as  to  admit  of  two  or  more  rows  of  rivets,  when  they  should  be  staggered. 

Substituting  in  eq.  (i  i)  the  value  of  r^  given  above  =  f'r*  —  r^  =  r  ^  —  [^ »)  we  obtain 

>  ^\     ^    ^  ^/^n}r^  -  >S'  =  --^ (12) 

This  equation  is  best  solved  by  trial.     However,  if  n  is  fairly  large,  a  sufficiently  accu- 
rate result  is  obtained  by  writing  {n  +  i)(2«-|-  i)  =2«^  giving 

»=    >r^ •      ••••••••••  (12') 

Example. — Design  a  splice  joint  for  the  web  of  a  50-foot  plate  girder  railway  bridge,  60  inches  deep, 
the  splice  occurring  \z\  feet  from  the  end.  Let  the  flanges  at  this  section  contain  13.5  square  inches  each 
{=  E)  and  the  web  22.5  square  inches.  The  live  load  bending  moment  here  from  a  100-ton  engine 
would  be  about  530,000  foot-pounds  and  from  dead  load  235,000  foot-pounds  or  a  total  moment  of  9,180,000 
inch-pounds  =  J/i.     The  total  live  and  dead  load  shear  would  be  53.500  IbSr  =  5. 

From  eq.  (3)  we  have,  as  the  unit  chord  stress, 

^             ATi                    9,180,000  ..    ,u  .    t 

/i  =  -; — ' — 7—  =  7 — r —  =  9550  lbs.  per  square  indL 


{^*'4y  (■>' -^  T^)».' 


From  eq.  (4)  we  have 

3fw  =  ^4 —  =  ^^ ^ =  1,612,000  inch-poundSi 


8      ■"  8 


This  is  the  total  bending  moment  to  be  resisted  by  the  web  plate  splice. 
From  eq.  (12)  we  have,  for  r  =  4000  lbs.,  S  =  53,500,  and  ^^  =  24, 


(«  + 1)(2»  -h  I)        * ; — 6  X  1,612,000 

y64,ooo,oooi»*  —  2,860,000,000  =  — 


or 


24 


from  which  we  find,  by  trial. 
Or  by  eq.  (12')  we  have 


«  =  25. 


J  /  /3  X  1,01  j.ouu  \  - 

r    (  24  )     +(53,5oor 


That  IS  to  say,  if  both  the  shear  and  the  moment  credited  to  the  web  plate  at  this  section  are  to  be  trans- 
mitted through  the  rivets  of  the  splice  plates,  with  a  maximum  stress  of  4000  lbs.  on  one  rivet,  it  will  require 
$0  rivets  on  each  aide  of  the  joint,  or  100  rivets  uli  told,  in  tliis  splice  plate.    This  would  require  three  rows 
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of  J-in.  rivets  each  side  of  the  splice,  i6  rivets  in  the  two  outside  rows  and  17  rivets  in  the  middle  row,  all 
with  3-inch  pitch. 

't  is  evident  at  once  that  such  a  splice  is  heavy  and  expensive,  and  that  some  other  means  should  be 
sought  for  transmitting  the  bending  stresses  across  the  joint.  The  rivets  near  the  neutral  axis  are  of  no 
appreciable  assistance  for  this  purpose. 

Such  a  splice  as  that  shown  in  Fig.  341  is  therefore  wholly  incompetent  to  transmit  the  web  bending 
stresses.  In  such  a  case  these  stresses  pass  through  both  the  splice  plate  and  the  flange,  thus  producing 
very  much  larger  rivet  and  flange  stresses  than  they  were  designed  to  carry.  When  such  splices  as  shown 
in  this  figure  are  used  the  flanges  should  be  designed  for  carrying  all  the  bending  moment. 

275-  An  Efficient  Web  Splice. — If  the  rivets  in  the  flange  angles  are  already  stressed 
up  to  their  working  limits  to  transmit  the  flange  stress,  the  bending  stress  in  the  v^^eb  should 
be  carried  directly  across  the  joint  through  splice  plates  and  into  the  web  again  on  the  other 
side,  without  going  through  the  flange  angles,  plates,  or  rivets.  These  direct  stresses  (com- 
pression at  top  and  tension  at  bottom)  are  most  efficiently  transmitted  through  long  splice- 
plates  placed  just  inside  the  angles,  as  shown  at  AB  and  A'B^  in  Fig.  342,  Let  the  distance 
between  centres  of  these  plates  be  d^.  Then  we  have,  as  the  total  stress  transmitted  through 
one  pair  of  plates, 


Stress  in  splice  plates  AB 


M, 


(13) 


'm 


and  also 


Number  of  rivets  in  one  end  of  splice  AB  = 


M^ 
rd^ 


(14) 


From  these  two  equations  the  net  areas  of  the  plates  and  the  numbers  of  rivets  required  to 
transmit  the  bending  stresses  are  found. 
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Fig.  342. 
Thus  with  the  previous  example  we  have  from  eq.  (4), 


Mm  =  1,612,000  inch-pounds* 
r  =  4000  lbs.  per  rivet. 
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if  the  vertical  leg  of  the  flange  angle  be  4  inches,  and  the  splice  plates  AB  be  8  inches  wide,  the  distance 
between  centres,  d^ .  will  be  60  —  16  =  44  inches.  The  stress  in  the  plate  will  be,  therefore,  37,000  lbs.,  re- 
quiring 9  rivets  on  each  end  of  each  pair  of  plates,  as  shown  in  Fig.  342. 

53,500 
The  shear  will  be  carried  by  the  splice  plate  CD  with  =  13  rivets  on  each  side. 

This  joint  has  now  62  rivets  in  place  of  100  required  for  a  uniform  plate  and  rivet  distribution  as 
computed  in  the  previous  article. 

The  splice  plates  AB  should  not  extend  over  the  vertical  legs  of  the  angles,  since  this 
would  give  double  duty  to  the  rivets  in  the  angle.  With  a  web  spliced  as  here  designed  there 
is  no  objection  to  designing  the  girder  flanges  on  the  common  assumption  that  one  eighth  of 
the  area  of  the  web  is  added  to  each  flange  area  to  resist  bending  moment. 

276.  Distribution  of  Concentrated  Loads  Over  the  Web. — Since  the  flange  stresses 
are  first  developed  in  the  web  from  the  shear,  any  external  force,  whether  coming  on  the  top 
of  the  girder  as  a  load,  or  on  the  bottom  as  the  end  support,  must  be  distributed  through  the 
web  by  means  of  vertical  stifleners,  which  are  usually  angle  irons.  The  number  of  rivets  in 
these  is  equal  to  the  total  externalload  divided  by  the  resistance  of  one  rivet.    These 
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Fig.  343. 


stiffeners  should  extend  over  the  vertical  legs  of  the  flange  angles  and  abut  against  the 
inside  surfaces  of  the  outer  legs  of  these  angles,  being  either  bent  over  the  vertical  leg  or 
supported  by  a  filler-plate  of  the  same  thickness  as  the  flange  angle. 

277.  Web  Stiffeners. — To  assist  the  web  plate  to  resist  the  compressive  stresses  acting 
at  45**  with  the  axis  of  the  girder,  as  explained  in  Art.  130,  and  to  insure  against  the  buckling 
of  the  web  under  this  stress,  angle  irons  are  riveted  to  the  web,  usually  in  a  vertical  position. 
They  would  be  much  more  efficient  if  put  in  an  inclined  position,  extending  outward  and 
downwards  towards  the  abutment.  The  vertical  stiffeners  are  sufficient  to  do  the  work  if 
placed  somewhat  less  than  the  depth  of  the  girder  apart.  If  placed  farther  apart  than  this 
they  do  very  little  good,  since  the  buckling  tendency  can  have  a  free  development  between 
the  adjacent  stiffeners.  It  is  not  possible  to  rationally  design  these  stiffeners.  The  equal  ten- 
sile stresses  at  right  angles  to  the  compressive  stresses  in  the  web  tend  to  prevent  the  buck- 
ling and  cause  it  to  develop  in  short  curves,  if  it  occurs  at  all.  Almost  any  angles,  however 
light,  placed  as  here  described  (shown  in  dotted  lines  in  Fig.  343),  will  serve  to  prevent  buck- 
ling  in  a  |-inch  web  of  the  ordinary  depths.  No  column  formula  can  be  made  to  apply  to  the 
web  of  a  plate  girder. 

278.  Flange  Areas. — If  the  web  is  designed  to  carry  its  due  proportion  of  the  bending 
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moment,  as  given  by  eq.  (4),  then  the  remainder  only  is  to  be  carried  by  the  flanges.    Thus 
from  eq.  (3)  we  obtain,  as  the  moment  carried  by  the  flange, 


Mf=f,Fk  =  M,-'^. 


(15) 


The  flange  area  is,  therefore, 


(16) 


This  area  is  made  up  of  two  angles  and  one  or  more  cover  plates.  The  area  of  the  web 
included  between  the  angles  is  considered  a  part  of  the  web  and  not  a  part  of  the  flange. 
The  rivet-holes  are  to  be  deducted  from  the  total  area  of  the  tension  flange.  Unequal-legged 
angles  are  commonly  used  so  as  to  throw  the  centre  of  gravity  of  the  angles  as  high  as  possible 
and  also  to  make  the  flange  wide,  and  therefore  rigid  against  lateral  deflection  or  buckling. 

279.  Distribution  of  Rivets  in  the  Flanges. — The  pitch  of  the  rivets  in  the  flange 
angles  and  web  plate  is  usually  determined  by  computing  total  flange  stress  at  intervals  along 
the  beam  and  dividing  the  stress  increments  in  the  flanges  by  the  resistance  of  one  rivet. 
The  rivets  being  in  'double  shear  and  the  web  plate  thin,  this  resistance  is  always  determined 
by  the  bearing  area  on  the  web  plate.  A  better  solution  is  as  follows,  by  which  the  proper 
pitch  to  give  to  these  rivets  at  any  section  is  at  once  found. 

Let  Fig.  344  represent  any  portion  of  a  plate  girder,  the 
^  ^  I  shear  on  the  section  through  AB  being  S.    Taking  moments 

fvi  \    about  Dy  and  assuming  for  the  present  that  all  the  moment 

is  resisted  by  the  flanges,  we  have 


^ 


^f: 


Sp^rh,    or    p  = 


rh 


9  • 


(17) 


where  S  =  shear  on  the  section  ; 

p  =  pitch  of  rivets  in  flange  angles ; 
r  =  resistance  of  one  rivet ; 

h  =  distance  between  rivet  lines  in  top  and  bottom 
flanges. 
If  the  flanges  are  designed  to  carry  all  the  bending  mo- 
ment, this  equation  would  give  the  pitch  of  the  rivets  at 
any  section.  From  eq.  (2),  however,  we  see  that  one  eighth  of  the  area  of  the  web  is  equally 
effective  with  that  of  the  flange  in  resisting  the  moment.  Therefore  the  portion  of  the 
moment  developed  at  this  section  arising  between  rivets,  which  is  equal  to  Sp^  is  only  partly 
resisted  by  the  flange  rivet.     The  portion  going  to  the  flange  is  always  equal  to 


Fia  344. 


JMy=JM.-^=Sp.   ^ 


^+8" 


(18) 


Placing  this  equal  to  rA,  as  in  eq.  (17),  we  have 


(19) 


where  jP— area  of  one  flange; 
il— area  of  web. 
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280.  Distribution  of  Rivets  in  Flanges  which  Support  a  Vertical  Load.— In  case  the 
vertical  load  is  supported  by  the  flanges,  as  in  the  usual  deck  girder  where  the  ties  rest  directly 
upon  the  flanges,  the  rivets  connecting  the  flanges  to  the  web  receive  a  vertical  stress  in  addition 
to  the  horizontal  stress  due  to  the  horizontal  shear,  and  the  pitch  must  be  reduced  accordingly. 
If  2(;= vertical  load  on  flange  per  lineal  inch  and  jf= pitch,  the  vertical  stress  on  each  rivet =^. 

Assiuning,  first,  thgit  all  moment  is  resisted  by  the  flanges,  the  horizontal  stress  on  each  rivet 

sp 

would  be  -r-,  as  given  in  eq.  (17),    The  resultant  stress  would  then  be 


V 


Ai(^)H(D' 


Irom  which 


P^    I         ,^=v ^ (20) 


4^ 


.  If  the  web  is  assumed  to  resist  moment  and  one-eighth  of  its  area  be  assumed  as  flang^  area, 
then  the  formula  becomes 

*"  (21) 
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281.  Data. — Let  the  span  be  assumed  to-be  65  feet  in  the  clear;  live  load.  Cooper's  Class, 
£-40  (see  Art.  no);  material,  medium  steel,  except  for  rivets.  The  specifications  of  Appendix 
A  will  be  used  for  the  main  features  of  the  design,  but  in  certain  details  they  will  be  slightly  modi- 
fied. Girders  will  be  spaced  7  feet  apart,  the  specified  distance  of  6  feet  6  inches  being  somewhat 
less  than  the  usual  practice  for  girders  of  this  size.  The  size  of  rivets  will  be  J  inch  and  the  least 
thickness  of  metal  f  inch.  The  minimum  size  of  angle  will  be  3i"X3i",  as  this  is  the  smallest 
size  through  which  a  |-inch  rivet  can  be  conveniently  driven. 

282.  The  Wooden  Floor. — Sections  8,  9,  and  10  of  the  specifications  fix  the  flooring  with 
the  possible  exception  of  the  ties,  which  may  need  to  be  heavier  than  8"X8"  for  the  7-foot  spacing 
adopted.  The  tie  is  calculated  to  support  one-third  of  the  maximum  axle  load,  which  is  40,000 -j- 
3=  13,300  lbs.    The  rails  are  about  60  inches  apart,  centre  to  centre,  and  the  girders  are  84  inches 

apart.    The  bending  moment  in  one  tie  is  therefore  equal  to  -^ —  ( )  =80,000  inch-pounds. 

Using  a  fibre  stress  of  1000  lbs.  per  square  inch  for  the  tie,  its  moment  of  resistance™  JX 1000 X6A*, 

_  _,,  80,000X6  O  *  O//  rt//  .  1 

whence  oh*= =480.    An  8''X8''  tie  meets  the  reqmrement. 

1000  ^ 

283.  Dead  Load. — At  4^  lbs.  per  foot  B.M.,  the  weight  of  one  tie  10  feet  long  is  240  lbs. 
Spacing  the  ties  6  inches  apart  in  the  clear,  or  14  inches  centre  to  centre,  their  weight  will  average 
206  lbs.  per  lineal  foot.  The  two  6"  X8"  guard-timbers  weigh  36  lbs.  per  foot,  and  the  rails,  spikes, 
and  joints  are  to  be  taken  at  100  lbs.  per  foot.    The  total  floor  weight  is  therefore  342  lbs.  per  foot. 
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The  least  weight  usually  taken  for  the  floor  is  400  lbs.,  and  this  will  be  the  weight  assumed  in  this 
case. 

The  weight  of  the  girders  may  be  estimated  by  the  formula  of  Art.  214,  modified  as  stated  for 
Class  E-40.  Assuming  the  length  over  all  to  be  70  feet,  the  weight  per  foot  is  (i2X7oH-i5o)X 
.90=890  lbs.  The  total  dead  load  will  then  be  taken  at  890+400=  1290  lbs.  per  foot,  or  645  lbs. 
per  foot  for  each  girder. 

284*  Maximum  Moments  and  Shears. — Before  calculating  stresses  it  will  be  necessary 
to  determine  the  length  centre  to  centre  of  bearings  by  calculating  the  probable  size  of  bed-plates. 
Assuming  a  length  of  70  feet,  the  live-load  end  reaction,  by  the  table  on  p.  no,  is  equal  to 
138,000X^=110,000  lbs.  Impact=.8iiXiio,ooo=89,ooo  lbs.,  and  dead-load  end  reaction= 
645X35  =  22,600  lbs.  Total  =  222,000  lbs.  Area  of  bed-plate  required,  at  400  lbs.  per  square 
inch  allowable  bearing  pressure  (section  (55)),  =555  square  inches,  requiring  a  base-plate  about 
24"  X  24".  If  the  base-plate  is  placed  6  inches  from  the  face  of  the  wall  below  coping,  the  span 
length,  centre  to  centre  of  bearings,  will  be  65-1-3  =  68  feet,  and  length  over  all  will  be  70  feet  as 
assumed.    The  centre-to-centre  length  is  to  be  used  in  all  stress  calculations. 

The  maximum  live-load  moment  may  be  calculated  by  the  methods  given  in  Chapter  V  or 
from  the  table  on  p.  no.  By  the  latter,  the  maximum  moment  (at  or  near  the  centre)  is 
2,029,000x1  =  1,623,000  ft.-lbs.  The  maximum  end  shear=  134,700X^=107,800  lbs.  The 
calculated  shear  at  the  quarter-point  =  64,800  lbs.  and  at  the  centre  it  is  30,000  lbs.  (The 
approximate  rule  of  Art.  no  jgives  67,400  and  30,800  lbs.  respectively.) 

The  impact  percentage  for  moment  is  found  by  making  L=68  feet  in  the  formula  for  impact, 

/=5'(y^ ).    There  results /=. 81 55.    The  impact  allowance  is  therefore  .815X1,623,000= 

1,323,000  ft.-lbs.  For  the  end  shear  the  percentage  for  impact  would  be  the  same  as  for  moment, 
and  the  impact  =.815X107,800=88,000  lbs.  For  the  shear  at  the  quarter-point  L  may  be 
taken  at  |X 68 =51  ft.,  and  for  the  centre  34  ft.  The  impact  calculated  on  this  basis  is  55,400 
lbs.  and  27,000  lbs.  respectively. 

6/icX68^ 
The  dead-load  centre  moment  =  — ^-g —  =  374,000  ft.-Ibs.    End  shear = 645  X34  =-  22,000  lbs.; 

shear  at  quarter-point  =  11,000  lbs. 

Combining  the  above  moments  and  shear,  we  have  the  following  totals: 

Centre  moment =3,320,000  ft.-lbs. 

End  shear =    217,800  lbs. 

Shear  at  quarter-point =     131,200  lbs. 

Shear  at  centre =      57>ooo  lbs. 

285.  The  Economical  Depth. — ^The  depth  of  a  plate  girder,  when  not  fixed  by  available 
headroom,  adjustment  to  old  masonry,  etc.,  varies  in  practice  from  about  one-eighth  of  the  span 
length  for  short  spans  to  about  one-twelfth  for  very  long  spans.  The  chief  consideration  which 
determines  the  depth  of  a  girder  is  that  of  minimum  weight,  but  the  economy  of  construction 
depends  to  some  extent  on  other  elements  than  weight,  such  as  increased  cost  of  very  wide  plates 
and  increased  cost  of  handling  deep  girders,  so  that  it  is  economical  to  use  a  depth  less  than  that 
giving  exactly  the  minimum  weight.  Inasmuch  as  a  relatively  large  change  in  depth  from  that 
giving  the  exact  minimum  weight  aflFects  the  weight  but  little,  the  best  depth  will  be  considerably 
less  than  such  least-weight  depth. 
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The  least- weight  depth  may  be  theoretically  determined  as  follows: 

ist.  //  the  moment  of  resistance  0}  the  web  is  neglected 

Let  m= centre  moment  in  girder  due  to  live  and  dead  loads,  and  impact  if  any; 

jp= depth  of  web,  assumed  also  equal  to  the  effective  depth  of  the  girder; 

/» allowable  fibre  stress  on  gross  section  of  flange; 

/—thickness  of  web; 

/« length  of  girder; 

y«  total  weight  of  girder. 

That  part  of  the  total  weight  which  varies  with  variations  in  depth  is  made  up  of  {a)  the  flanges, 

(J)  the  web-plate,  and  (c)  the  splice-plates,  stiffeners.  and  fillers.    The  variation  in  the  cross-bracing 

may  be  neglected.    The  average  cross-section  of  the  flanges,  where  several  cover-plates  are  used, 

may  be  taken  as  equal  to  eight- tenths  of  their  cross  section  at  the  centre  point.    The  average  cross- 

m 
section  of  two  flanges  would  then  be  equal  to  2  X  .8  X  7- ,  and  the  weight  in  pounds  would  be  closely 

m    10  10 

equal  to  i.6r- ..—  .  /.    The  weight  of  the  web  is  likewise  equal  to  /;v .  —   /.    The  weight  of  stiffeners> 

etc.,  depends  largely  upon  the  specifications  under  which  the  design  is  made  but  estimates  show 
that  these  items  will  weigh  usually  from  50  per  cent  to  60  per  cent  of  the  web.  For  small  changes 
in  depth  their  weight  may  be  assumed  to  vary  directly  with  the  depth,  in  the  same  manner  as  the 
web,  hence  such  weight  may  be  included  in  the  weight  of  the  web  in  a  simple  manner  by 
multiplying  the  latter  by  1.5  or  1.6.     We  have  then  approximately 


Differentiating, 


y-i.6-T-.  —  .;-^I.6^.— .# (20) 

/*   3  3 


From  which  we  derive,  for  a  minimum  value  of  y, 


X'-M, 


(32) 


2d.  //  the  moment  of  resistance  of  the  web  is  not  neglected. 

Assuming  that  one-eighth  of  the  area  of  the  web  is  taken  as  flange  area,  top  and  bottom, 
this  amount  should  be  subtracted  from  the  weight  given  in  eq.  (20),  giving 

^f»  10   ,  ,     ^.      10   ,    2.      10  ,  .    . 

/^    3  383 

From  which  we  derive  as  before,  for  a  minimum  value  of  y, 


\m 


// <^*> 

In  the  case  of  short  girders  where  the  flanges  are  of  uniform  section  throughout  the  weight 


and . , 
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4M.  T/^  lift 

of  the  flanges  would  be  2-^-.  — ./,   and  eqs.  (22)  and  (24)  would  become,  respectively,  i.i2>J-t- 

fx    i  ^  It 

The  effect  of  a  given  variation  in  depth  from  the  exact  value  giving  the  minimum  weight  can 
be  determined  by  calculating  the  value  of  —  for  a  given  value  of  — .     It  can  be  shown  that  for 

a  given  proportionate  change  in  depth,  — ,  the  proportionate  change  in  weight  is  equal  to  -( — j  . 

i/ioY    I 

That  is,  if  the  depth  is  increased  10  per  cent,  the  weight  is  changed  approximately  -( 1  =  — 

i/2o\» 
of  I  per  cent;  for  a  change  of  20  per  cent  the  weight  changes  about  -( — I  =»  2  per  cent,  etc. 

This  shows  the  small  relative  effect  from  large  changes  in  depth  below  or  above  the  exact  least- 
weight  depth  and  indicates  that  practical  considerations  of  manufacture  may  well  modify  very 
considerably  the  theoretical  depth.  As  a  matter  of  fact  the  actual  depths  used  in  practice  will 
vary  from  the  theoretical  least- weight  depths  usually  from  15  to  20  per  cent,  and  frequently  more, 
the  resulting  slight  increase  in  weight  of  i  or  2  per  cent  being  offset  by  advantages  gained  in  other 
ways, 

286.  The  Adopted  Depth. — In  accordance  with  the  specifications  of  Appendix  A,  one- 
eighth  of  the  web  may  be  assumed  as  flange  area,  hence  in  this  problem  eq.  (24)  may  be  applied. 
The  least  thickness  of  web  permissible  is  f  inch,  and  this  thickness  will  be  assumed  for  the  present. 
The  value  of  /  is  17,000  lbs.  per  square  inch  for  net  section.  The  reduction  for  rivet-holes  will 
amount  to  approximately  one-eighth  of  the  gross  section,  so  that  the  stress  per  square  inch  on 
gross  section  will  be  equal  to  i7,oooXf  =  approximately  15,000  lbs.,  which  is  the  value  to  use  in 
eq.  (24).    Using  the  centre  moment  given  in  Art.  283,  we  have  then 


3,320,000X12         . 
''^V 3V~  ==92  mches. 

^    is,oooxf      ^ 


Reducing  this  in  accordance  with  the  foregoing  remarks  and  noting  that  the  depth  of  large  girders 
is  commonly  varied  by  half-feet,  we  will  adopt  a  depth  of  6J  feet,  or  78  inches. 

The  adequacy  of  the  web-plate,  as  selected,  to  carry  the  maximum  shear  will  now  be  deter- 
mined. The  maximum  shearing  stress =21 7,800  lbs.  The  working  stress  for  shear=  10,000  lbs. 
per  square  inch,  thus  giving  21.8  square  inches  for  the  required  section.  The  web  section  =  78  X 
1  =  29.25  square  inches,  which  is  ample  unless  a  large  number  of  rivet-holes  need  be  deducted. 
In  practice,  rivet-holes  are  not  usually  deducted  in  calculating  shearing  stress,  it  being  assumed 
that  the  rivets  themselves  furnish  resistance  against  shear  equal  to  that  of  the  solid  plate.  It  is 
plainly  unnecessary  to  deduct  the  entire  rivet  diameter  from  the  effective  width  of  the  plate,  as  this 
would  assume  that  pressure  could  be  transmitted  from  plate  to  rivet  only  on  one  side  of  a  line 
tlirough  its  centre.  But,  on  the  other  hand,  the  web-plate  is  undoubtedly  weaker  in  shear  along  a 
line  tangent  to  the  rivet-holes,  or  intersecting  them  slightly,  than  through  the  solid  plate,  so  that  some 
allowance  should  be  made.  In  this  case,  at  a  minimum  pitch  of  3  inches  in  the  end  stiffener, 
one-third  of  the  area  would  be  deducted  if  full  allowance  be  made.  This  would  leave  a  net  section 
of  1X29.25  =  20.5  square  inches,  which  is  but  little  less  than  the  required  area.  The  assumed 
section  will  therefore  be  used.  It  will  be  noted  that  the  specifications  do  not  require  that  any  deduc- 
tion for  rivet-holes  be  made. 
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The  thickness  of  a  web-plate  is  dependent  not  only  upon  the  shearing  strength  required,  but 
directly  upon  the  depth  of  girder.  For  very  wide  plates  a  thickness  of  f  inch  is  undesirable,  as  such 
plates  are  more  likely  to  be  warped  than  thicker  plates.  The  variation  in  thickness  in  very  wide 
plates  also  becomes  of  more  importance,  so  that  thin  plates  are  undesirable  on  this  account. 
A  thickness  of  yV  inch  would  usually  be  employed  for  depths  greater  than  about  7  feet 
and  J-inch  plates  for  depths  of  9  or  10  feet,  irrespective  of  the  shearing  strength  required. 
Such  thicknesses  are  also  often  used  for  shallower  girders  where  the  shearing  stresses  are 
relatively  large. 

The  web  thickness  must  also  be  sufficient  to  enable  the  flange  rivets  to  be  spaced  a  distance 
apart  not  less  than  three  diameters,  as  determined  by  Arts.  279  and  280.  When  the  flange  angles 
are  wide  enough  to  admit  two  rows  of  rivets  this  consideration  will  not  often  control,  but  where 
only  one  row  can  be  put  in  or  where  the  girder  is  very  shallow  the  web  thickness  may  be  fixed  by 
this  condition. 

287.  The  Flanges. — The  total  maximum  moment=3,320,oooX  12  =  39,840,000  inch-lbs. 
The  flange  will  be  made  up  of  two  6"x6"  angles  and  two  or  three  cover-plates,  and  it  may  be 
assumed  for  trial  calculation  that  the  centre  of  gravity  of  the  flange  is  at  the  backs  oiF  the  angles. 
The  web  is  78  inches  deep,  and  to  avoid  interference  of  cover-plates  with  the  edge  of  the  web  the 
angles  will  be  placed  78J  inches  back  to  back.    The  effective  depth  will  then  be  78^  inches,  and 

with  a  working  stress  of  17,000  lbs.,  the  net  area  required  for  the  lower  flange  =      - — /,   ^.— 

30.0  square  inches.  Of  this  area  one-eighth  of  the  web  section  is  78x|Xj«»3.66  square  inches, 
leaving  26.34  square  inches  for  the  flange  propen  In  making  up  the  flange  it  is  desirable  to  have 
a  large  proportion  of  the  area  in  the  two  angles,  some  specifications  requiring  that  at  least  half  of 
the  area  shall  be  angles  or  that  the  largest  sized  angles  shall  be  used.  Angles  of  6"X6"  legs  will  be 
suitable  in  this  case.  If  these  are  made  \\  inch  in  thickness  their  combined  net  area  will  be  about 
13  square  inches,  or  about  half  of  the  total.  But  referring  to  section  (67)  of  the  specifications 
it  will  be  seen  that  metal  thicker  than  f  inch  must  be  reamed.  Inasmuch  as  the  f  inch  still  gives 
good  proportions  it  will  be  used.  The  net  area  for  the  angles  is  found  by  deducting  two  rivet- 
holes  from  each  angle,  each  i" X f ",  or  .625  square  inch.  This  gives  a  net  area of2X(7.ii  —  2X .625) 
=  11.72  square  inches.  There  will  be  two  rows  of  rivets  in  each  leg  of  each  angle,  but  in  each 
leg  the  rivets  wiU  be  staggered,  thus  bringing  only  two  holes  on  the  same  cross-section.  Deduct- 
ing 11.72  square  inches  from  26.3  square  inches  leaves  14.6  square  inches  to  be  made  up  of  plates. 
These  should  be  wide  enough  to  project  over  the  angles  somewhat,  14  inches  and  16  inches  being 
common  widths.    Using  14  inches,  the  net  width,  after  deducting  two  rivet-holes,  will  be  12  inches. 

To  furnish  14.6  square  inches  the  thickness  required  is  — ^=  1.22  inches.    Two  plates,  each 

f  inch  thick,  give  a  thickness  of  1.25  inches  and  a  net  area  of  15  square  inches,  and  will  be  used 
if  the  revised  calculations  permit. 

The  centre  of  gra\'ity  of  the  flange  will  now  be  determined.  From  the  handbooks  the  gravity 
line  of  the  6"x6"Xf"  angle  is  found  to  be  1.73  inches  from  the  back.  Calculating  the  centre 
of  gravity  from  the  given  net  areas  we  find  it  to  be  .40  inch  from  the  back  of  the  angle. 
The  effective  depth  is  then  78.25  — .8  =  77.45  inches.  The  revised  calculations  for  flange  area 
give  30.29  square  inches  total  and  30.29—3.66=26.63  square  inches  for  the  flanges.  The 
angles  and  plates  above  selected  give  a  total  net  area  of  11.72-1-15.00=26.72  square  inches, 
which  is  sufficient. 

288.  The  Leng^ths  of  Flange  Plates. — To  determine  exactly  the  theoretical  lengths  of 
flange  plates  the  maximum  bending  moments  must  be  calculated  at  points  about  5  feet  apart  and 
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the  results  plotted  as  in  Fig.  345,  ordinates  representing  moments.  The  moments  of  resistance 
of  the  girder  for  no  cover-plate  and  for  one  cover-plate  are  then  calculated  and  the  lines  A  and  B 
drawn  representing  them.  The  points  of  intersection  of  these  lines  with  the  plotted  curve  deter- 
mine the  theoretical  lengths  of  the  cover-plates  or  the  points  where  in  each  case  one  less  plate 
is  sufficient.  The  calculated  moments  in  thousands  of  foot-pounds  at  the  several  points  are  as 
follows: 


Distance  from  centre  of  end-bearing. ...  4' 

Live  load 386 

Impact 315 

Dead  load 84 

Totals 785 


9' 

770 

628 
173 

1570 


14' 

107s 

87s 
244 

2194 


19' 
1320 

1080 

301 

2701 


24' 
1480 

1210 
340 

3030 


29' 

1580 
1280 

365 
3225 


34' 
1623 

1323 
374 

3320 


The  total  net  area  of  two  angles  and  one  plate  is  11.72  +  7.50=192.2  square  inches.  For 
this  flange  the  depth  between  centres  of  gravity  is  76.44  inches.  Adding  one-eighth  of  the  web 
section  the  total  moment  of  resistance  of  the  girder  =(19.22+ 3.66)  X  17,000X76,44 =29,700,000 


Fig.  345. 


inch-lbs.  =  2,475,000  ft.-lbs.  In  a  similar  manner  the  moment  of  resistance  of  the  girder  where 
two  angles  alone  compose  the  flange  is  calculated  to  be  1,625,000  ft.-lbs.  Plotting  these 
values  in  Fig.  345  (it  is  also  sufliciently  accurate  to  interpolate  directly  in  the  table),  we  find 
that  the  first  cover-plate  should  stop  i  f  6"  from  the  centre  and  that  the  second  should  stop 
24'  6"  from  the  centre.  In  the  figure,  R  is  the  moment  of  resistance  in  foot-pounds.  In 
practice  the  plates  are  always  made  enough  longer  than  the  theoretical  length  to  accom- 
modate at  least  two  additional  rows  of  rivets,  or  6  inches.    Usually  the  excess  is  made  more 

than  this. 

The  lengths  of  plates  can  be  more  quickly  determined,  and  usually  with  sufficient  accuracy, 
by  assuming  the  curv^e  of  moments  a  parabola  and  that  the  moment  of  resistance  is  proportional 
to  the  area  of  the  flange  (including  the  portion  of  the  web  counted  as  flange). 
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Let    i4=  total  flange  area  required; 
a^ya^.  , .  a^= areas  of  the  several  plates,  the  subscript  denoting  the  number  of  the  plate  from  the 

outside; 

ATi,  X2 :xrn= lengths  of  the  several  plates; 

/= length  of  girder  centre  to  centre  of  bearings. 

Then  assuming  the  flange  areas  to  vary  as  the  ordinates  to  a  parabola  we  have  the  relation 


whence 


Xn-ls\- 


A • (25) 


In  the  above  girder  ^4  =  30.29,  a^^  7.5,  and  ^2= 7-5  square  inches;  /=68  feet.    Then  the  length 

of  the  first  plate  would  be  x.^  68\-^^=  33.8   feet,  and  the  length  of  the  second  plate = 
^  \  30.29 

:xr2=68\  -i^=47.8  feet.    The  lengths  previously  found  are  35  feet  and  49  feet  respectively, 
\3o.29 

289.  Rivet  Pitch  in  Flange  Angles. — The  theoretical  pitch  in  the  lower  flange  will  be  given 
by  eq  (19)  and  that  in  the  upper  flange  by  eq.  (21).  The  specifications,  section  (38),  outline  a 
method  of  calculation  equivalent  to  the  use  of  eq.  (17),  stating  that  the  whole  of  the  shear  will  be 
assumed  as  transferred  to  the  angles;  but  as  we  have  already  assumed  one-eighth  of  the  web 
section  as  flange  it  will  be  more  exact  to  use  eqs.  (19)  and  (21). 

The  rivet  pitch  will  be  calculated  at  points  8J  feet  apart,  this  being  at  the  centre,  quarter- 
point,  and  two  intermediate  points.  The  required  shears  may  be  interpolated  with  sufficient  accu- 
racy from  those  in  Art.  284.    The  total  shears  are  as  follows: 

Distance  from  centre  of  end-bearing o.       8 J  ft       17  ft.     25 J  ft.        34  ft. 

Shear. 217.8    174.5       131.2        94.1  57.0 

The  value  of  one  rivet  in  bearing  on  a  f-inch  web  is  7220  lbs.    The  effective  depth  of  girder  at 

the  end  and  at  the  second  point  is  74.8  inches;  at  the  quarter-point  76.4  inches,  and  at  the  other 

two  points  77.4  inches.     Bearing  in  mind  the  make-up  of  the  flanges  at  the  several  points,  and  that 

^    ,  ,            ,     X   i.      ,          ,      .             11.72  + 3.66     7.22X74.8  . 

i4/8  =  3.66  square  inches,  we  find  by  eq.  (19),  for  the  end-pomt,  p=  — — — X  ^ —  =  3-20 

inches.  At  the  next  point  ihe  value  of  p  is  found  to  be  4.05;  then  for  the  other  points,  ^=5.00, 
6.74,  and  1 1. 1 4  inches  respectively.  Plotting  these  results  and  drawing  a  smooth  curve,  as  in 
Fig.  346,  we  may  readily  fin4  the  spacing  required  at  intermediate  points.  The  usual  spacing 
is  in  whole  inches  or  half-inches,  and  the  maximum  allowable  is  6  inches.  From  the  diagram 
we  find  at  what  points  the  4-inch,  the  S-inch,  and  the  6-inch  spacing  may  begin,  3  inches  being  used 

at  the  end. 

For  the  upper  flange  eq.  (21)  must  be  used,  in  which  w  is  the  vertical  load  per  lineal  inch. 
The  weight  of  one  wheel,  2o,coo  lbs.,  is  usually  assumed  as  distributed  over  three  ties,  or  42  inches 
in  this  case.  Ina-^much  as  this  load  comes  very  suddenly  upon  the  rivets  the  value  of  L  in  the 
impact  formica  may  be  considered  as  equal  to  zero.    The  impact  then  equals  100  per  cent.    The 
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live  load  with  impact  is  therefore  equal  to 


40,000 
42 


952  lbs.  per  inch.    The  dead  load  is  equal  to 


about  20  lbs.  per  inch  making  a  total  weight  of  say  970  lbs.  per  inch.    Substituting  in  eq.  (21) 

7.22 


we  have  for  the  end-point,  jf = 


I       ,     /     11.72  2i7.8\' 


3.00  inches,  and  for  the  other 


Fig.  346. 

points  the  values  are,  respectively,  3.56,  4.14,  5.00,  and  6.22  inches.  These  results  are  plotted  in 
Fig.  347  and  indicate  that  4- inch  pitch  may  begin  15^  feet  from  the  end,  s-inch  pitch  25 J  feet  from 
the  end,  and  the  6-inch  pitch  may  be  used  for  but  a  few  inches  at  the  centre.  With  a  minimum 
allowable  pitch  of  6  inches  there  is  not  a  very  great  difference  in  the  number  of  rivets  required 
in  the  two  flanges,  and  to  simpUfy  the  shop  work  the  pitch  will  be  made  the  same  in  both  flanges. 


-r* 


Fig.  347. 

Changes  in  pitch  are  usually  made  at  stiffeners  only,  and  with  the  arrangement  of  stiffeners  finally 
adopted  the  3-inch  pitch  will  be  used  up  to  the  fourth  stiffener  beyond  the  end-bearing,  4-inch  pitch 
from  that  point  to  the  sixth,  and  5-inch  pitch  from  there  to  the  centre.  A  common  requirement 
for  the  rivet  spacing  in  the  top  flange  which  supports  a  vertical  load  is  that  the  minimum  shall  be 
4  inches. 

290.  Rivet  Pitch  in  Flange-plates. — ^The  theoretical  pitch  required  for  the  rivets  connecting 
the  flange-plates  to  the  angles  is  found  by  calculating  the  proportionate  amount  of  horizontal  shear 
existing  between  these  elements  in  the  same  way  as  that  employed  for  the  connection  of  angles 
to  web.    Thus  at  the  centre  the  two  plates  have  an  area  of  15  square  inches  and  the  total  flange 

area  plus  one-eighth  of  the  web  is  30.38  square  inches.    Then   by  eq.  (19)  p  =  ^  -^^^    — — ~"  = 

15        57'0 

2.75r.    In  this  equation  r  is  the  value  of  a  rivet  in  single  shear =6610  lbs.    Hence  p=i&.2  inches. 
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The  pitch  can  be  calculated  similarly  for  any  other  point.  A  sijnpler  way  is  to  compare  the  shearing 
stress  along  the  surface  in  question  with  that  which  exists  between  the  flange  and  the  web.  Thus 
at  all  points  where  two  plates  are  used  the  shear  existing  between  the  inner  plate  and  the  angles  is 

15 
to  that  between  angles  and  web  as  the  area  of  the  two  plates  is  to  the  total  flange  area,  =-7 — . 

The  value  of  a  rivet  in  single  shear  being  6610  lbs.,  and  in  bearing  7229  lbs.,  the  rivet  pitch  in  the 

26  72     6610 

cove -plate  will  be  equal  to  that  in  the  web  multiplied  by  — '-^  X =  1.63.    At  the  centre  it 

^  ^  ^  -^      IS       7220 

would  then  be  11.14X1.63  =  18.2  inches  as  before.    At  points  where  there  is  but  one  flange-plate 

the  pitch  would  be  — — X =  2.35  times  the  pitch  in  the  web. 

^  7.5       7220 

The  above  computations  give  the  pitch  for  a  single  row  of  rivets,  hence  in  each  angle  the  pitch 

would  b2  twice  as  great,  which  would  permit  of  the  maximum  of  6  inches  throughout.    It  is  con» 

venient,  however,  to   space  them  the  same  as  in  the  vertical  legs   whenever   that   spacing   is 

more  than  3  inches,  and  twice  that  spacing  if  3  inches  or  less,  providing  this  gives  a  sufficient 

number  of  rivets. 

291.  The  Web  Splice. — ^The  web  will  be  spliced  at  two  points  about  24  feet  from  each  end, 
the  exact  location  being  determined  by  the"  spacing  of  the  stiff eners.  It  will  be  spliced  for  moment 
as  well  as  shear,  the  form  of  splice  shown  in  Fig.  342  being  used.  The  total  shear  at  the  splice  1 . 
105,000  lbs.,  and  the  total  moment  (from  the  table  of  Art.  288)  is  2,970,000  ft.-lbs.    At  this  poin. 

there  are  two  flange-plates  and  the  part  of  the  moment  carried, by  the  web  =  -^^X 2,970,000-- 

358,000  ft.-lbs. =4,296,000  in.-lbs.     To  carry  the  shear  of  105,000  lbs.  there  will  be  requiied 

% 
JQt   000 

—^ =15  rivets  each  side.    To   carry  the  moment,  the  horizontal  splice- plates,  as  in  Fig.  342, 

7,220 

are  used,  which  may  be  assumed  to  be  57  inches  apart  centre  to  centre.    Their  stress  will  b 

4,206,000  „  .  .  .  '  ' 

— ^ ==  75,000  lbs.,  requirmg  11  nvetseach  side.*  In  the  design  14  rivets  are  used  and  the  vertical 

plate  is  made  wide  enough  to  accommodate  two  rows  of  rivets  each  side-  The  rivets  are  spaced 
4  inches  apart,  giving  24  rivets.  An  excess  is  used  here  over  that  necessary  to  carry  the  shear  in 
order  that  there  will  be  no  overstraining  due  to  the  moment.  A  double  row  is  required  by  most 
specifications.  The  thickness  of  the  short  splice-plates  will  be  determined  by  the  area  required 
to  carry  the  stress  of  75,000  lbs.    The  unit  stress  in  these  plates  will  be  less  than  that  in  the  flange 

"^7     77*4 
proper  in  proportion  to  the  distances  of  the  several  parts  from  the  neutral  axis  or  as  — :  — --• 

Assuming,  17,000  lbs.  as  the  unit  stress  in  the  flange,  that  in  the  splice-plate  will  be  1 7,000  X — -= 

12,500  lbs.  The  section  required^ 75,000-^12,500=6  square  inches.  The  net  width  being 
7  inches,  the  total  required  thickness  of  the  two  plates=4=.857  inch.  Each  will  therefore  be 
made  ^V  inch  thick. 

292.  Flange  Splices. — ^It  being  possible  to  procure  angles  70  feet  in  length,  0ange  splices 
are  not  necessary  in  this  girder,  but  for  the  purpose  of  illustration  it  will  be  assumed  that  such  are 
required.  Both  angles  should  not  be  spliced  at  the  same  point,  and  for  sake  of  symmetry  in  the 
details  the  splices  are  put  on  opposite  sides  of  the  centre.  Furthermore,  it  is  desirable  ^o  locate 
them  where  the  flange  area  is  in  excess  of  the  theoretical  requirement.  This  will  make  it  convenient 
to  locate  each  spli:e  in  the  fourth  panel,  or  about  18  feet  from  the  end,  and  prolong  the  107)  cover- 
plate  a  littije  if  necessary  to  include  this  splice.    The  net  area  of  one  angle  =  5.86  square  inches 


plates 


*  Strictly  speaking  the  unit  stress  in  the  rivets  should  be  reduced  in  the  ratio  ot  57  :  77  4,  as  is  done  in  the  case  of  the 
ss  themselves  just  below.     This  will  give  a  unit  stress  of  53,000  lbs.,  and  14-I-  as  the  rc(iuircil  number  of  rivets. 
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and  its  va!ue==  5.86  Xi7,cxx>= 100,000  lbs.  The  splice  will  be  made  by  means  of  a  6''X6"  angle 
cut  down  to  about  Sf'^Xsl''  and  fitted  to  the  flange  angle,  and  a  sf"  plate  riveted  to  the  vertical 
leg  of  the  other  angle,  as  shown  in  Fig.  348.    If  these  are  each  \  inch  thick  the  net  area  of 


Fig.  348. 

the  angle  will  be  4.18  and    that    of  the  plate  2.18  square  inches,  which  is  sufficient.      Each 
leg  of   the  angle  will  carry  about  one-third   of    the   stress   of    100,000  lbs.  =  33,000  lbs.     This 

requires  in  the  horizontal   leg,  for  single  shear  -^ =  5  rivets.     In  the  vertical  leg  and  plate 

6610 

the  number  will  be  determined  by  the  bearing  strength  on  the  |-inch  angle  leg,  =12,040  lbs., 

67,000 


and  the  number  = 


=  6,  which  is  the  number  shown  for  each  leg.    The  pitch  is  here  made 


12,040 
2\  inches. 

If  a  plate  requires  splicing  it  is  usually  spliced  just  beyond  the  theoretical  end  of  the  plate 
next  outside.     Such  outside  plate  can  then  be  extended  to  act  as  a  splice-plate. 

293.  Intermediate  Stiffeners. — No  rational  method  has  yet  been  discovered  by  which  the 
intermediate  stiffeners,  whose  principal  duty  is  to  prevent  the  buckling  of  the  web-plate,  can  be 
proportioned.  Ample  rigidity  is  secured  if  the  outstanding  leg  of  the  stiffening  angles  is  made 
about  one-twentieth  of  the  depth  of  the  girder.  A  thickness  of  f  inch  is  sufficient.  As  to  their 
spacing,  a  common  requirement  is  that  their  distance  apart  shall  be  about  equal  to  the  depth  of 
the  girder.  A  maximum  limit  of  5  or  6  feet  is  also  a  common  rule,  as  in  the  specifications  here 
used.  Intermediate  stiffeners  are  usually  bent  or  '* crimped"  over  the  angles  except  where  cross- 
bracing  is  used,  in  which  case  it  is  better  to  leave  the  angles  straight  and  use  fillers.  The  size 
used  here  will  be  5"X3i"X8"j  and  a  rivet  spacing  of  4  inches. 

294.  End  Stiffeners. — At  the  end  the  vertical  reaction  must  be  transferred  to  the  web-plate 
through  the  end  stiffeners.  The  total  end  reaction -=2 17, 800.  lbs.  The  stiffeners  receive  this 
load  through  contact  with  the  lower  flange.     They  are  not  long  columns  and  therefore  a  work- 

ing  stress  of  about  17,000  lbs.  per  square  inch  will  be  suitable.     The  required  area= ^=12.8 

square  inches.     Four  angles  will  be  used,  5"X3i"XT'B",  giving  a  total  sectional  area  of  14.1  square 
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inches.    The  number  of  rivets  required  in  each  pair  of  angles  = ^=16.    Three-inch  pitch 

t  y.22 

will  be  used  near  the  ends  and  four-inch  along  the  centre. 

The  stififeners  Leing  only  9  inches  apart,  the  fillers  are  made  continuous  under  the  two 
pairs  of  angles.  For  shallow  girders,  or  where  the  shear  is  very  great,  additional  rows  of  rivets 
may  be  used,  so  that  the  rivets  through  the  stiffeners  may  count  in  double  shear.  It  is  also  often 
necessary  to  reinforce  the  web  near  the  ends  by  a  plate  on  one  or  both  sides. 

295.  Lateral  Bracing. — Girders  of  the  size  here  considered  are  usually  provided  with  both 
an  upper  and  a  lower  lateral  truss,  consisting  of  angle  bracing  on  the  Warren  system.  Trans- 
verse bracing,  called  "cross-frames,"  is  also  inserted  at  every  second  or  third  panel-point  of  the 
laterals,  and  at  the  ends.  The  end  cross-bracing  serves  to  carry  the  accumulated  lateral  force 
from  the  upper  laterals  to  the  abutments,  but  the  intermediate  bracing  merely  adds  rigidity  to 
the  structure.  For  spans  up  to  40  or  50  feet  the  lower  lateral  system  is  often  omitted,  the  wind 
pressure  upon  the  lower  half  of  the  girder  being  carried  to  the  upper  laterals  by  means  of  the  cross- 
bracing. 

The  lateral  bracing  is  designed  to  resist  the  wind  pressure  as  given  in  section  (16)  of  the  speci- 
fications. The  girder  and  floor  may  be  taken  as  8  feet  deep.  The  maximum  effect  will  occur 
for  the  30-lb.  pressure  on  bridge  and  train.  For  the  upper  laterals  there  will  be  a  pn  .^urc  of 
1X30=120  lbs.  per  foot  fixed  load  and  30X10=300  lbs.  per  foot  moving  load,  and  for  .  !  jwcr 
laterals  120  lbs.  per  foot  fixed  load.  The  arrangement  of  the  bracing  and  the  stresses  iv.  j  shown 
on  the  plate  facing  page  344.  The  maximum  distance  between  joints  is  determined  by  section  (37), 
which  limits  the  unsupported  length  of  flange  to  sixteen  times  its  width,  18  ft.  8  ins.  in  this  case. 
The  actual  distance  is  about  13  ft.  2  ins.  The  arrangement  of  the  laterals  is  determined  with 
reference  to  the  proper  spacing  of  stiffeners  and  of  cross-frames,  the  allowable  unsupported 
length  of  top  flange,  and  the  length  of  the  lateral  diagonal  itself.  The  stiffeners  may  be  spaced 
mdependently  of  the  laterals,  except  that  a  stiffener  must  come  where  a  cross-frame  is  desired. 
The  arrangement  here  adopted  brings  the  stiffeners  about  4  ft. 5  ins.  apart,  which  is  a  little 
closer  than  necessary. 

The  imsupported  length  of  a  diagonal  is  about  8  feet,  or  96  inches.  As  the  maximum  permis- 
sible value  of  —  is  120  (see  section  (26)),  the  least  radius  must  be  about  — =.80  inch.     A  4"X4" 

f  V      '/»  J20 

angle  has  a  least  radius  of  .79  inch,  which  is  close  enough  to  the  requirement,  as  the  maximum 
tendency  to  buckle  is  more  nearly  in  a  vertical  plane  than  in  the  direction  of  the  least  moment  of 
inertia  on  account  of  the  stiffness  in  a  horizontal  plane  furnished  by  the  joint-plates.  We  will 
then  try  a  4''X4"xf"  angle.    The  greatest  stress  in  any  diagonal  is  17,200  lbs.  compression. 

The  working  stress  in  compression  for  a  value  of  — =120  is,  by  Table  B  of  the  specifications, 

equal    to    7360  lbs.  per  square  inch.      The  required  area  =  17,200 -^7360  =  2.4  square    inches. 

A  4"X4"Xi"    angle    has    a    section    of    2.86    square    inches,  hence   this   size    will   be    used 

throughout.    The  area  required  for  the  maximum  tension  of  15,400  lbs.  is  less  than  one  square 

inch. 

The  lower  laterals  will  be  made  of  the  same  size  as  the  upper  laterals  on  account  of  the  limit- 

/ 
ing  value  of  — .    For  the  intermediate  cross-frames  the  stresses  are  nominal  and  the  minimum 

/ 
«^  of  3^' X3yx|"  will  be  used,  giving  a  value  of  — greater  for  all  members  than  120.     In  the 
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end  frames  the  stresses  are  considerable,  they  serving  to  carry  one-half  of  the  total  wind  load  from 

70 
the  upper  laterals  to  the  abutments.    This  amounts  to  (i  20  4- 300)  X — =14,700  lbs.    This  may 

be  assumed  to  be  carried  equally  by  the  two  diagonals,  giving  to  each  a  stress  of  7350  X  sec  0,  or 
about  10,000  lbs.  The  minimum  size  of  3i"X3i"Xt"  angle  is  sufficiently  large.  In*  most  prac- 
tice these  end  frames  are  made  somewhat  larger  than  the  calculations  would  call  for,  as  it  is 
desirable  that  the  girder  should  be  very  rigidly  braced  at  the  end.  The  upper  and  lower 
members  will  accordingly  be  made  of  4"X4''Xf''  angles  and  the  diagonals  of  5"X3i"xt" 
angles. 

The  gusset-  or  joint-plates  will  be  f "  thick.  The  number  of  rivets  connecting  the  angles  to 
these  plates  will  be  determined  by  their  value  in  single  shear,  =  6610  lbs.,  and  for  field  rivets  the 
number  so  found  is  to  be  increased  by  25  per  cent  (section  (35)).  For  the  end  member  the  number 
will  therefore  be  17,200 -?-66ioX  1.25  =  3.25.  Four  rivets  will  be  used  in  the  two  end  members 
and  three  for  all  remaining  members  and  all  lower  laterals.  All  diagonal  members  of  inter- 
mediate cross-frames  will  also  be  connected  by  three  rivets,  but  those  in  the  end  frames  will 
have  five  in  each,  this  being  approximately  equivalent  to  the  values  of  the  members  as  struts. 
The  transverse  members  are  connected  by  both  legs. 

296.  Wind  Stress  in  Flanges* — ^As  the  flanges  act  as  chords  of  the  lateral  trusses  they  will 
receive  considerable  wind  stress.  They  will  also  receive  additional  stress  due  to  the  overturning 
effect  of  the  wind  acting  upon  the  train,  as  explained  in  Art.  116.  In  section  (29)  of  the  speci- 
fications the  working  stress  for  combined  stresses  is  made  considerably  higher  than  that  for  ver- 
tical load  only,  viz.,  21,000  lbs.  instead  of  17,000  lbs.,  so  that  unless  the  wind  stress  in  main  members 
exceeds  about  25  per  cent  of  the  stresses  due  to  dead  and  live  load  and  impact  such  wind  stresses 
need  not  be  taken  into  account.  In  this  case  these  wind  stresses  are  much  less  than  25  per  cent 
and  hence  are  neglected.  For  an  example  of  a  complete  calculation  of  wind  stresses  see 
Chapter  XXI. 

297.  End-bearings. — Section  (54)  of  the  specifications  permits  the  use  of  smooth  plates 
for  the  expansion  end  of  bridges  less  than  80  feet  long.  For  short  spans  these  bearings  are  usually 
made  of  two  plates  about  f  inch  thick — a  bed-plate  resting  on  the  masonry  and  a  sole-plate  riveted 
to  the  girder,  and  both  of  the  same  size.  For  large  spans  the  size  required  to  keep  the  pressure 
on  the  masonry  within  the  specified  limits  is  so  large  as  to  make  it  difficult  to  give  an  even 
distribution  of  the  load  on  the  stonc^  owing"  to  the  deflection  of  the  plates  and  of  the 
girder.  A  cast  iron  or  cast-sted  bolster  is  preferable,  the  base  giving  the  required  bearing  area 
for  the  masonry  and  the  top  being  of  a  suitable  area  to  support  the  girder.  The  cast  bolster 
is  used  in  this  design.  The  base  area  is  found  as  follows:  The  maximum  end  shear  or  reac- 
tion =21 7,800  lbs.,  and  the  allowed  bearing  pressure  =  400  lbs.  per  square  inch  (section  (55)). 
Required  area=  217,800-^400= 545  square  inches.  A  size  24"X24"  will  be  correct.  The 
top  will  be  made  i2"Xi4''  and  planed  to  receive  a  sole-plate  of  the  same  size  riveted  to  the 
flange  angles. 

The  pedestals  are  fastened  to  the  masonry  by  i-inch  anchor-bolts  and  the  sole-plates  are  also 
bolted  to  the  bed-plates.  At  the  expansion  end  the  holes  in  the  sole-plates  are  slotted  to  allow 
for  expansion.  The  pedestals  are  ribbed  castings  with  a  thickness  of  about  i  inch  throughout 
and  of  a  height  about  equal  to  the  projection- of  the  base  beyond  the  top,  or  6  inches  in  this  case. 

298.  Camber. — Camber  is  frequently  put  into  plate  girders  at  the  splices,  making  the  upper 
flange  slightly  longer  than  the  lower,  in  a  manner  similar  to  that  specified  for  truss  bridges  in 
section  (42). 
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299.  Other  Forms  of  Flanges. — ^The  form  of  flange  used  in  this  design  is  the  simplest 
and  most  economical  and  is  the  one  commonly  employed.  Large  flange  areas  are  provided  by 
using  8"X8"  angles  and  three  or  four  cover-plates  20  to  24  inches  wide,  and  in  this  way  sufficient 
section  can  be  made  up  for  all  ordinary  single-track  girders.  For  still  larger  areas,  such  as  are 
sometimes  required  for  bridges  carrying  two  or  more  tracks  or  where  the  depth  of  the  girder  is 
small,  four  angles  are  often  used,  with  cover-plates  and  side-plates  as  shown  in  Fig.  349  (a).    This 


arrangement  is  preferable  to  the  use  of  a  very  large  number  of  cover-plates,  such  as  would  be  needed 
with  the  oMinar}'  form  of  flange  on  account  of  the  difficulty  of  driving  the  excessively  long  rivets 
required  The  upper  flange  is  also  sometimes  modified  as  shown  in  Figs,  {h)  and  (c),  for  the  purpose 
of  giving  an  even  and  continuous  bearing  for  the  ties,  thus  permitting  them  to  be  of  uniform  siza 
throughout.  In  Fig.  {h)  the  web  may  project  sUghtly  into  a  saw  cut  in  the  tie  and  so  act  to 
prevent  lateral  displacement.  In  Fig.  (c)  the  side-plates  are  stopped  off  in  the  same  manner 
as  the  usual  cover-plates.  One  cover-plate  is  often  used  and  carried  the  entire  length  of  the 
girder. 

300.  The  Complete  Design  of  the  girder  which  has  been  referred  to  all  through  this  dis- 
cussion is  shown  on  the  folding  plate  opposite  page  344. 

301.  The  Design  of  Through  Plate-girder  Spans. — ^If  the  cross-ties  are  supported 
on  the  inside  bottom  flange  angles  or  on  a  shelf  angle  as  shown  in  Fig.  268,  Chapter  XVI, 
the  girders  are  dimensioned  in  the  same  manner  as  for  a  deck  span.  If  shelf  angles  are  used, 
they  should  be  not  less  than  4  inches  by  3  inches,  and  f  thick,  with  the  4-inch  leg  horizontal. 
It  is  better  to  use  distributing  angles  under  the  shelf  angle  about  three  feet  apart,  to  transfer  the 
load  to  the  web,  than  to  depend  on  the  rivets  attaching  the  shelf  to  the  web,  owing  to  the 
necessarily  eccentric  loading  of  the  shelf  angles  producing  a  bending  moment  which  would 
bring  a  tensile  stress  on  the  rivets.  The  rivets  in  the  flanges  for  this  case  would  be  spaced  by 
the  diagram  Fig.  347,  as  there  are  no  external  loads  acting  on  the  flanges  to  be  transferred 
to  the  web  If  the  cross-ties  are  supported  on  the  inside  bottom  flange  angles,  these  angles 
should  not  be  less  than  f  of  an  inch  thick  and  the  rivets  through  the  web  and  these  angles 
should  be  spaced  the  minimum  allowable  pitch,  as  there  is  necessarily  a  tensile  stress  on  them 
from  the  eccentric  application  of  the  bearing  of  the  cross-ties  on  the  angles.  The  rivets 
through  the  top  flange  may  be  spaced  by  the  diagram  Fig.  347.  It  must  be  noted  that  there 
is  no  necessity  for  increasing  the  area  of  the  lower  flange,  except  when  necessary  in  order 
to  reach  the  minimum  allowed  limit  of  thickness  for  the  inside  angles  of  f  of  an  inch,  as  the 
stresses  are  increased  a  very  small  amount. 

If  an  iron  floor  system  of  floor-beams  and  stringers  is  used,  the  live  load  and  the  weight 
of  the  floor  and  floor  system  are  concentrated  at  the  points  of  attachment  of  the  floor-beams 
or  pane!  points,  and  are  no  longer  distributed  over  the  length  of  the  girder  as  in  the  case  of 
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the  deck  bridge.    The  panel  lengths  used  range  from  lO  to  l8  feet,  var5ring  with  the  length  of 
the  girder,  but  are  usually  about  15  feet.     In  Fig.  350  is  shown  a  longitudinal  sectional  view 


on  the  centre  line  of  a  through  plate-girder  span  with  an  iron  floor  system.  The  bending 
moment  and  shears  are  found  at  the  critical  points  A,  B^  and  C,  and  the  flanges  dimensioned 
as  illustrated  for  the  deck  span.  The  bending  moment  varies  uniformly  from  A  to  B^  and 
from  B  to  C,  and  is  nearly  uniform  from  C  to  the  centre.  The  live-load  shear  is  constant 
from  A  to  By  B  to  C,  and  from  C  to  the  centre. 

The  rivet  spacing  is  easily  determined,  after  the  critical  moments  and  shears  are  found,  by 
the  same  formula  as  was  used  for  the  deck  girder,  remembering  that  there  are  no  concentrated 
external  loads  on  the  flanges. 

302.  Attachments  of  the  Floor-beams  and  Stringers. — There  must  be  enough  rivets 
'n  the  connection  between  the  floor-beam  and  the  girder  to  transfer  the  end  shear  of  the  floor- 
b3am  to  the  girder.  The  rivets  are  in  single  shear.  If  they  are  "  field  "  rivets,  it  is  customary 
to  put  25  to  50  per  cent  more  rivets  than  would  be  used  if  the  rivets  were  to  be  shop-driven.  The 
floor-beam  is  usually  attached  as  shown  in  Fig.  350,  Art.  301,  the  gusset-plate  being  riveted  to  the 
upper  flange.  The  number  of  rivets  connecting  the  stiffener  angle  to  the  web  must  be  sufficient 
to  transfer  the  total  end  shear  of  the  floor-beam.  In  the  attsfchment  of  the  stringers  to  the  floor- 
beam,  as  shown  in  Fig.  350,  there  must  be  enough  rivets  to  transfer  the  total  end  shear  of  one  stringer 
counting  the  rivets  in  singh  shear;  and  if  there  are  stringers  attached  on  each  side  of  the  beam  at 
the  same  point,  there  miist  be  enough  rivets  to  transfer  the  maximum  combined  end  shear,  or  total 
concentration  on  the  beam  at  that  point,  to  the  floor-beam,  counting  the  rivets  in  double  shear 
( r  at  the  allowed  bearing  value  on  the  web  of  the  beam.  See  the  design  of  the  floor  system  in 
Chapter  XXI. 

There  is  usually  no  end  floor-beam  in  through  bridges  of  this  kind,  the  stringers  resting  on 
the  masonry  direct  and  held  in  line  by  an  end  strut  which  runs  from  girder  to  girder  and  which 
also  attaches  to  the  end  gusset-plates. 

The  floor-beams  a^e  calculated  for  a  length  centre  to  centre  of  end  supports  equal  to  the  width 
centre  to  centre  of  main  girders.  The  stringers  are  calculated  for  the  length  centre  to  centre  of 
floor-beams,  or  in  case  of  the  end  stringers  where  no  end  floor-beam  is  used  the  length  assumed 
in  the  calculation  would  be  from  the  centre  of  the  end  bearing-plate  to  the  centre  of  the  first 
beam. 

303.  The  Bracing  of  a  Through  Plate-girder  Span  differs  slightly  from  that  of  a  deck 
span,  inasmuch  as  in  this  case  provision  has  to  be  made  for  supporting  the  top  or  compression 
flange  against  side  deflection.  This  is  usually  done  by  means  of  gusset-plates  from  the  floor-beam, 
or  cross-strut,  in  the  case  where  no  iron  floor  system  is  used,  similar  to  the  method  shown  in  Fig. 
313  of  Art.  a64a.    These  gussets  and  also  the  floor-beams  or  cross-struts  should  be  spaced  not  over 
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1 5  feet  apart.  The  lateral  bracing  proper  may  consist  either  of  adjustable  rod  or  of  angle-iron 
bracing  attached  to  the  main  girders.  It  is  customary  to  use  angle  bracing  with  riveted  connec- 
tions, and  owing  to  their  being  of  greater  length  than  for  a  deck  span  they  are  usually  made  to 
cross  the  panel  on  both  diagonals,  each  piece  being  proportioned  to  take  the  iotal  stress  in 
tension. 

304.  The  Width  Centre  to  Centre  of  Girders  for  a  through  plate-girder  span  is  never 
less  than  12  feet  on  straight  .track.    The  girders  should  be  spaced  so  as  to  give  at  least  7  feet  clear 
distance  from  the  centre  of  the  track  to  the  inside  edge  of  the  flange-plates  if  they  extend  more 
han  one  foot  above  the  rails,  in  order  to  give  ample  clearance  for  the  passage  of  trains. 


* 
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CHAPTER  XX. 


ROOF    TRUSSES. 


305.  The  Type  of  Truss  most  commonly  used  for  shop,  warehouse,  and  small  train-shed 
iron  roofs  is  what  is  known  as  the  Fink  truss,  shown  in  Fig.  353.     It  has  proved  to  be  a  very 


Fto.  353. 

satisfactory  and  economical  type  for  the  ordinary  lengths,  which  are  under  100  teet.  There 
are  many  conditions  which  may,  however,  affect  the  design  of  a  roof ;  and  as  there  are  very 
few  reasons  why  any  special  type  of  truss  should  be  adopted,  it  may  be  generally  accepted 
that  the  best  truss  to  select  is  the  one  which  fulfils  the  special  conditions  the  best  and  at  the 
same  time  is  economical  in  material.  It  would  be  very  creditable  designing  to  select  a  truss 
in  which  the  lines  present  the  most  pleasing  appearance  if  the  fitness  of  the  truss  for  the 
purposes  for  which  it  is  to  be  used  is  not  impaired  thereby. 

For  the  longer  spans  the  sickle  roof  truss  and  the  three-hinged  arch  are  generally  used 
wherever  the  conditions  permit.  Either  of  these  designs  will  make  creditable  trusses.  For 
train  sheds  the  three-hinged  arch  is  preferred  before  all  others.  The  recently  constructed 
train  sheds  of  the  Pennsylvania  and  the  Philadelphia  and  Reading  railroads  at  Philadelphia 
and  Jersey  City  are  very  fine  examples  of  the  three-hinged  arch  construction.     (See  Fig.  65.) 

For  shop  construction  one  of  the  usual  requirements  is  a  horizontal  lower  chord  for  the 
purpose  of  supporting  shafting  or  trolley  runways,  and  in  these  cases  the  Fink  truss  is  usually 
employed ;  but  any  other  form  with  a  horizontal  lower  chord  will  suffice. 

If  the  trussfis  are  supported  on  iron  columns  instead  of  walls,  the  wind  force  is  transferred 
to  the  foundations  through  the  columns.  This  produces  a  bending  moment  in  the  columns 
which  is  a  maximum  at  the  top  and  must  be  transferred  to  the  truss,  a  requirement  which 
often  modifies  the  form  of  the  latter  if  economy  is  an  object.*  The  stresses  in  the  truss  are 
less  if  the  truss  is  deep  at  the  ends  ;  and  if  the  Fink  truss  is  used,  knee  braces  from  the  column 
to  the  first  joint  of  the  lower  chord  are  necessary.  If  an  ordinary  triangular  truss  is  used 
with  some  depth  at  the  ends,  knee  braces  are  not  used. 

The  slope  of  the  top  chord  is  usually  determined  by  the  kind  of  roof  covering  used.  This 
slope  must  be  steep  enough  to  allow  the  covering  used  to  be  of  the  best  service;  thus,  slate 
should  not  be  used  on  a  roof  having  a  slope  less  than  one  to  three  and  preferably  one  to  two. 
Tin  or  gravel  may  be  used  on  a  slope  of  one  to  twelve.  The  greater  the  pitch  the  greater  is 
the  area  of  the  roof  covering  required. 

306.  Riveted  or  Pin  Connected  Roof  Trusses.— Roof  trusses  are  usually  made  with 
riveted  connections,  this  being  the  cheaper  kind  of  construction  for  the  usual  short  spans  and 
small  truss  members.     There  are  cases,  however,  when  the  pin  connection  may  be  the  cheaper 
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*  For  a  full  discussion  of  these  stresses,  see  Chap.  XXIX,  on  Iron  and  Steel  Mill  Building  Construction. 
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or  more  advisable  construction.  When  the  span  is  long  or  very  heavy,  requiring  compara- 
tively large  members  in  the  trusses,  or  when  the  material  must  be  transported  a  great  distance 
from  the  shops,  there  may  be  a  saving  in  manufacture  or  in  transportation.  The  pin  connection 
may  also  be  used  to  avoid  any  field  riveting.  In  the  case  of  a  roof  over  a  building  in  which 
there  are  gases  which  have  a  very  marked  corrosive  effect  on  iron,  it  is  generally  advisable  to 
use  pin  connections,  because  the  members  of  this  kind  of  a  truss  expose  a  less  surface  to  cor- 
rosion than  do  the  thin  angle  irons  which  would  be  used  in  a  riveted  truss. 

Sometimes,  in  order  to  provide  for  corrosion  and  at  the  same  time  get  the  benefit  of  the  cheaper  con- 
struction of  the  riveted  truss,  a  minimum  thickness  is  specified  which  must  be  added  to  the  thicknesses  of 
all  material  as  required  by  the  stresses.  Thus,  if  ^  of  an  inch  was  to  be  added  on  all  sides,  making  a  total 
addition  in  thickness  of  -^  of  an  inch,  an  angle  iron  3"  x  2"  x  i"  would  be  increased  ^  of  a  square  inch 
or  25  per  cent  in  area,  while  a  round  rod  li  inches  in  diameter  would  be  increased  only  i  of  a  square  inch 
or  10  per  cent  in  area. 

307.  Ordinary  Roof  Coverings. — For  buildings  with  iron  roof  trusses  the  coverings  most 
commonly  used  are  corrugated  iron,  tin,  and  slate.  Corrugated  iron  and  slate  are  used  when 
the  slope  of  the  roof  is  greater  than  three  horizontal  to  one  vertical  For  flatter  roofs  than 
this  they  are  liable  to  leak,  as  the  usual  joints  are  not  tight.  Tin  may  be  used  on  any  slope 
or  on  a  flat  roof.  Corrugated  iron  is  usually  laid  directly  on  the  purlins,  to  which  it  is 
attached  by  means  of  clips.  Owing  to  its  being  stiff  enough  to  span  a  distance  of  about  six 
feet,  sheathing  boards  are  not  necessary.  Tin  and  slate  are  usually  laid  on  sheathing,  a  layer 
of  roofing  felt  being  put  between  the  tin  or  slate  and  the  sheathing.  A  very  expensive  con- 
struction is  that  in  which  the  slate  is  supported  directly  on  iron  purlins,  which  must  generally 
be  about  loi  inches  apart.     The  expensiveness  of  this  plan  is  due  to  the  weight  of  the  purlins. 

.  The  weight  of  any  kind  of  roof  covering  may  be  obtained  from  various  handbooks.  The 
sheathing  is  usually  assumed  to  weigh  four  pounds  per  foot,  board  measure.  The  thickness 
of  the  sheathing  is  determined  by  the  distance  apart  of  the  purlins,  between  which  it  must  be 
able  to  carry  the  weight  of  the  roof  covering  and  the  wind  or  snow  load,  usually  allowing  a 
fibre  stress  of  1500  lbs.  per  square  inch.     The  usual  thicknesses  are  f,  ij,  and  2  inches. 

308.  The  Loads  for  which  roofs  are  usually  proportioned  are  the  weight  of  the  roof 
covering,  the  sheathing  if  any,  the  iron  weight  in  trusses  and  purlins  and  the  snow  and  wind 
loads.  The  weight  of  the  covering  which  it  is  proposed  to  use  may  be  obtained  from  any 
good  handbook.  The  weight  of  the  sheathing  is  dependent  upon  its  thickness,  and  that  may 
be  determined  from  the  distance  centre  to  centre  of  purlins.     The  weight  of  the  iron  may  be 

closely  obtained  from  the  formula  w  =  —  -f-  4.0,  where  w  =  weight  per  square  foot  of  covered 

horizontal  area  and  /  =  length  of  span.  This  weight  of  iron  is  only  for  the  case  of  the  roof 
which  carries  no  local  concentrated  loads.  The  wind  load  is  usually  assumed  at  30  lbs.  per 
square  foot  of  roof  surface.  The  snow  load  is  usually  taken  at  20  lbs.  per  square  foot  of 
horizontal  surface. 

In  the  calculation  of  trusses  with  curved  chords  it  is  the  usual  practice  to  find  the  stresses 
for  all  the  different  loadings  separately.  Thus,  the  stresses  would  be  calculated  for  the  wind 
on  the  side  of  the  truss  nearer  the  expansion  end,  and  for  the  wind  on  the  side  of  the  truss 
nearer  the  fixed  end  of  the  truss.  The  snow  may  be  figured  as  covering  the  entire  roof  or 
only  one  half,  and  even  in  special  cases  only  a  small  area  on  one  side.  It  is  not  generally 
assumed  that  the  maximum  wind  pressure  and  the  snow  load  can  act  on  the  same  half  of  the 
truss  at  the  same  time.  In  the  Fink  truss  a  partial  load  like  any  of  the  above  never  causes 
any  maximum  stresses,  so  that  it  is  customary  to  calculate  these  trusses  for  a  uniform  load 
over  the  entire  truss,  the  wind  and  snow  loads  combined  being  usually  assumed  at  30  lbs.  per 
square  foot  of  covered  area.  This  simplifies  the  calculations  very  much,  and  the  results  are  as 
nearly  correct  as  we  can  hope  to  arrive  at  by  any  assumed  exact  loading. 
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309.  The  Allowed  Stresses  per  square  inch  which  have  been  very  gtacrally  adopted 
correspond  to  what  is  termed  a  factor  of  safety  of  four.  The  usual  allowed  stresses  per 
square  inch  on  iron  and  steel  in  roof  construction  are  given  in  the  following  table : 

Wrought'irofL 

Tension  shape-iron 12,000  lbs. 

"      rods  and  eyebars iS,ooo    ** 


Maximum  fibre  stress  on  I  beams  .•••••••. ••     12,000   *^ 

10,000 


Compression 


fiat  ends 


10,000 


1  + 


r 


p!n 


I     *    iSjOOOr* 

Shear  on  rivets  and  pins •••••••••••••••••        7500  lbs. 

Bearing  of  rivets  and  pins • 15,000  ** 

Bending  fibre  stress  on  pins 18,000  ^ 

Sieel. 

Tension  (shapes) •••• 15,000  ^ 

**        rods  and  eyebars 18,000  ^ 

Maximum  fibre  stress  on  I  beams 16,000  " 

Compression  20  per  cent  more  than  that  allowed  on  wrought-iron. 

Shear  on  rivets  and  pins. • 9000  lbs. 

Bearing  on  rivets  and  pins 18,000  ** 

Bending  fibre  stress  on  pins 22,500  ** 

In  case  the  roof  was  subjected  to  a  load  from  cranes,  shafting,  etc.,  the  above  allowed 
stresses  would  be  reduced.  In  the  riveted  trusses  there  are  secondary  stresses  arising  from 
the  eccentric  application  of  the  stresses  on  the  various  members  which  are  not  provided  for 
further  than  to  reduce  them  to  the  minimum  possible  amount.  This  is  a  point  in  the  design 
of  riveted  trusses  which  should  always  have  careful  consideration. 

310.  The  Economical  Distance  Centre  to  Centre  of  Roof  Trusses  is  dependent 
principally  upon  the  relative  unit  stresses  in  the  purlins  and  the  main  trusses.  The  weight  of 
X\it  i^nrWns  per  square  foot  of  covered  area  Wdxxts  ^\v[\o%t  proportionally  to  the  distance  centre 
to  centre  of  trusses.  The  trusses  for  a  constant  length  of  span  would,  if  it  were  possible  to 
realize  the  small  areas  required  for  the  lighter  trusses,  weigh  the  same  per  square  foot  of  covered 
area  for  all  distances  centre  to  centre  of  trusses,  as  the  weight  of  the  trusses  would  in  this  case 
vary  as  the  load  on  them,  which  is  a  fixed  number  of  pounds  per  square  foot  of  covered  area. 
The  total  weight  per  square  foot  of  covered  area  for  the  purlins  and  trusses  would,  if  the 
above  were  true,  be  a  minimum  where  the  distance  centre  to  centre  of  trusses  is  a  minimum 
or  zero.  The  trusses  for  a  given  span,  however,  do  not  vary  directly  as  the  load,  but  they  are 
found  to  vary  in  weight  approximately  as  follows : 

W'^^  +  p 

where  w  =  weight   of  trusses  per  square   foot  of  horizontal  surface  covered,  a  and  b  are 
constants,  and  x  =:  distance  centre  to  centre  of  trusses.      That  is,  a  part  of  the  weight  of 


fr 

«*'» 
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trusses  per  square  foot  of  covered  area  remains  constant  for  any  distance  centre  to  centre  oi 
trusses,  and  the  rest  varies  inversely  as  the  distance  centre  to  centre  of  trusses  or  directly  as 
the  number  of  trusses.  The  constants  a  and  b  may  be  found  for  any  length  of  span  by  assum- 
ing various  widths  centre  to  centre  of  trusses  and  plotting  the  results,  using  w  and  x  as  the 
variables.  Or  it  may  be  generally  assumed  that  the  width  centre  to  centre  of  trusses  for 
maximum  economy  in  material  is  about  one  fifth  of  the  span.  For  economy  in  manufacture  a 
greater  distance  between  trusses  is  necessary,  as  the  cost  of  manufacture  varies  almost  directly 
as  the  number  of  trusses. 

3ZZ.  The  Detail  Design  of  the  Purlins  and  Trusses  for  a  Roof. — Assume  the  trusses 
to  be  60  feet  centre  to  centre  of  end  bearings  and  spaced  20  feet  centre  to  centre.  The 
allowed  stresses  to  be  as  given  in  Art.  309.  The  covering  to  be  slate  on  two-inch  sheathing. 
The  truss  will  be  the  ordinary  Fink  truss  shown  in  Fig.  353,  with  a  depth  at  the  centre  of 
15  feet. 


Fio.  353. 

312.  Calculation  of  the  Purlins. — ^The  purlins  or  stringers  rest  on  the  trusses  at  the  joints 
of  the  upper  chord  and  serve  to  support  the  loads  on  the  roof  between  the  trusses.  As  the 
trusses  in  our  case  are  60  feet  centre  to  centre  of  end  bearings,  and  as  there  is  a  purlin  at  each 

joint  of  the  upper  chord  of  the  truss,  the  distance  between  purlins  is  j(  V  15'  +  3o')=  8.4  feet, 
nearly.  The  slate  covering,  felt,  and  sheathing  will  weigh  1 3  lbs.  per  square  foot.  The  purlin 
itself  we  will  assume  to  weigh  2  lbs.  per  square  foot,  and  the  wind  or  snow  load  is  taken  at  30 
lbs.  per  square  foot,  making  a  total  load  of  (13  +  24-30)8.4  =  378  lbs.  per  linear  foot  of 
purlin.    The  maximum  moment  on  the  purlin,  assuming  an  I  beam,  will  be 

2o' 
378  X  g-  =  18,900  foot-lbs.,        or        226,800  inch-lbs. 

From  the  formula -^=—  we  get  -^=-  .  From  any  of  the  rolling-mill  handbooks  we 
can  get  the  value  —  directly  from  the  tables  giving  the  properties  of  I-beam  sections.    This 

term  —  is  called  the  Section  Modulus  of  the  rolled  form.     Dividing  the  moment  226,800  by 

l6,ooo,  the  allowed  stress  in  extreme  fibres  for  steel  I  beams,  we  get  14.2  for  the  section 
modulus  of  the  required  steel  I  beam.  Using  the  sections  and  handbook  of  the  Carnegie 
Steel  Co.,  we  find  the  lightest  beam  which  has  the  required  section  modulus  to  be  an 
eight-inch  beam  weighing  18  lbs.  per  foot.* 

When  the  exact  section  modulus  is  not  found  in  the  handbook  take  the  one  next  higher. 
Only  the  particular  weights  given  in  the  handbooks  of  1896  and  subsequently  can  be  pur- 
chased, as  these  have  been  made  to  conform  with  the  American  standards.  If  the  section 
reduces  to  that  of  a  six-inch  I  beam,  then  six-inch  Z  bars  may  be  used  as  purlins.  Since  the 
static  load  on  the  purlins  is  vertical,  the  I-beam  form  is  not  as  well  adapted  for  use  as 
purlins  as  is  the  Z-bar  form.  This  latter,  however,  is  not  rolled  in  larger  sizes  than  six- 
inch  webs.     A  Z  bar  placed  with  its  bottom  flange  pointing  down  the  truss  has  the   line 

*  This  is  on  the  assumption  that  the  I  beam  stands  vertically.     When  inclined  to  ihe  pitch  of  the  root  it  is    much 
weaker  10  c.irry  a  vertical  luad,  as  its  moment  of  iuerita  in  a  vcriic;.!  plmu  is  now  gri-atly  reduced. 
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of  its  maximum  moment  of  inertia  nearly  vertical,  and  this  maximum  moment  of  inertia  is 
greater  than  that  given  in  the  handbook.  The  reverse  is,  of  course,  true  of  the  I  beam  when 
so  placed. 

313.  The  Detail   Design  of  the  Sixty-foot  Roof  Truss  can  now  be  made.    The 
dead  weight  of  the  covering,  sheathing,  purlins,  and  trusses  will  oe  assumed  as  follows 

Slate  and  felt 5     lbs.  per  square  foot ; 

Sheathing  (2-inch) 8       "      «        «        *• 

Iron(=?g?  +  4) 64"     u       u        u 

making  a  total  dead  weight  of  19.4  lbs.  per  square  foot.  For  convenience  it  will  be  assumed 
20  lbs.  per  square  foot  of  covered  area.  The  snow  and  wind  loads  will  be  assumed  as  usual  to 
be  30  lbs.  per  square  foot  of  horizontal  area  covered.  The  load  at  each  truss  joint  of  the  top 
chord  (assuming  the  iron  weight  of  the  truss  to  be  concentrated  there  also)  will  be,  combining 
all  the  loads,  50  X  7i  X  20  =  7500  lbs.,  where  50  equals  the  total  load  per  square  foot  of 
covered  area,  7J  the  horizontal  distance  in  feet  between  purlins,  and  20  the  distance  in  feet 
centre  to  centre  of  trusses.  The  stresses  in  the  truss  may  then  be  found  by  any  of  the 
methods  given  in  Part  I.  Owing  to  the  similarity  of  trusses  of  this  kind  it  is  more  convenient 
to  work  out  the  stresses  in  each  member  for  a  panel  load  of  one  pound  and  tabulate  the 
results  as  shown  in  the  table  of  coefficients  on  the  following  page,  from  which  the  stresses 
may  be  derived  quickly  by  the  use  of  the  slide-rule.  The  total  stresses,  allowed  stresses  per 
square  inch,  the  length  centre  to  centre  of  support  of  compression  members,  the  least  radius 
of  gyration  of  compression  members,  the  required  area  in  square  inches,  and  the  make-up  and 

area  of  the  various  members  of  the  truss  are  given  in  the  following  table, 

p 


Member. 


Total  Stress. 


I 

- 

-  58,700 

4 

- 

-  55.300 

8 

- 

-  52,000 

14 

- 

-48,600 

.^—12 

- 

h  6,700 

5—9 

-  7»500 

7 

+  13.400 

II 

—  15,000 

-#» 

—  22,500 

2 

-  52,500 

t  "S 

-  45.000 

-«^ 

- 

-  30»ooo 

length. 


9t 


lOI 

lOI 
lOI 
lOI 

50  5 


/» 


», 


tt 


lOI 


»/ 


•  •  •  • 


Radius 

of 

Gyration. 


1.25 


i( 


«< 


.78 

•   •   • 

.78 


Unit  Stress 
Allowed. 


8,500 

8,500 

8.500 

8,500 

9,000 

12,000 

6,  Boo 

12,000 

12,000 

12,000 

12,000 

12,000 


Area 
Required. 


6.91 
6.51 
6.12 
5-72 
.75 
.63 
1.97 
1.25 
1.88 
4.38 

3-75 
2.50 


Make-up  of  Members. 


It 
(( 
(« 
« 
<< 
*t 
«« 
<i 
(I 
(< 
<« 


tt 


tt 
t* 


Two  5"  X  3"  /s.  34.5  lbs.  per  yard 
5"  X  3"  /s,  34.5 
5"  X  3"  ^s.  34.5 
5"  X  3"  /s,  34.5 

2"  X  2i"  X  r  ZS 

2"  X  2i"  X  i"  Zs 

2  "  X  2i"  X  i"   ZS 

2"  X  3"  X  r  zs 

2"  X  3"  X  i"  Zs 

4"  X  3"  Z  s.  26  lbs.  per  yard 

4"X3"Zs,  26" 

3"  X  3'  Zs,  16  " 


f« 


•f- detiotes  compression;  -  denotes  tension. 


Area  Used, 


6.9 
6.9- 
6.9 
6.9 
2.16 
1.7  n2 
2.16 
I  9  ne  •. 
1.9  ne 
4.5  ne 

4.5  ne. 

2.6  net 
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TABLE  OF  COEFFICIENTS  FOR  CALCULATING  STRESSES  IN  FINK  ROOF  TRUSSES. 

P  =  load  at  each  top  chord  joint ; 
P  X  coefficient  =  stress  in  member ; 

/ 


No. 

»  =  3. 

«  =  4. 

»=> 

General  Formul«. 

z 

6.310 

7.826 

9.4247 

•f 

4 

2 

5.25 

7.0 

8.75 

-^li                            XP 

3 

0.833 

0.8945 

0.9285 

^    Vn^  +  ,                   '' 

4 

5.755 

7.379 

9.053 

+  -7^ — l^'  +  s)xP 

f'««  +  4^4           / 

S 

0.75 

I.O 

1.25 

--                               X^ 

4 

6 

4.5 

6.0 

7.5 

-^n                             XP 

2 

7 

1.664 

1.789 

1.857 

+~—                   X  P 

.8 

5.aoo 

6.933 

8.681 

+  — i H«*+3)  XP 

^4^»«4-4^-*            ' 

9 

0.75 

1.0 

1.85 

--                               XP 
4 

lO 

3.0 

4.0 

5.0 

-»                                XP 

II 

1.5 

0.833 

3.0 

0.8945 

a. 5 
0.9285 

-iff                            XP 

2 

IS 

^   ♦/»«  +  4 

* 

1    " 

•  as 

3.0 

3.75 

- '-»                            XP 
4 

i  - 

4.646 

6.485 

8.310 

Note. — For  coefficients  for  a  similar  truss  except  that  two  struts  are  used  in  place  of  one  at  3  and  12,  in  the  atx/vr 
figure,  see  Engineering  News ^  Oct.  31,  1895. 
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It  will  be  noticed  that  the  top  chord  is  made  the  same  area  throughout,  as  it  is  bettei 
construction  and  costs  very  little  more  than  if  the  chord  were  spliced.  The  members  1 1  and 
13  and  2  and  6  are  made  of  the  same  area  for  the  same  reasons. 

The  detail  sketch  of  this  truss  is  shown  in  Fig.  354,  page  353.  The  plates  at  the  joints 
are  all  three  eighths  of  an  inch  thick  except  those  at  the  ends,  which  are  one  half  of  an  inch 
thick.  The  rivets  are  all  three  quarters  of  an  inch  in  diameter.  The  required  number  of 
rivets  through  a  member  connecting  it  at  its  ends  with  a  joint  plate  is  equal  to  the  stress  in 
the  member  divided  by  the  value  of  one  rivet  in  bearing  on  the  joint  plate.  The  number  of 
rivets  connecting  the  bottom  chord  to  the  half-inch  joint  plate  at  the  ends  is  increased 
beyond  what  the  stress  in  the  chord  would  require  owing  to  the  fact  that  the  end  reaction  on 
the  masonry  produces  a  vertical  stress  on  the  rivets  in  addition  to  the  horizontal  stress  from 
the  chord  The  required  number  of  rivets  for  this  case  is  found  as  follows,  assuming  the  end 
reaction  to  be  resisted  by  the  rivets  directly  over  the  bearing  plate ;  The  end  reaction  is 
26,250  lbs.,  and  as  at  the  ordinary  three-inch  pitch  there  are  six  rivets  resisting  this  end  reac- 
tion, we  have  a  vertical  stress  on  each  rivet  of  26,250  -7-  6  =  4375  lbs.  As  the  value  of  one 
three-quarter-inch  rivet  in  bearing  on  the  half-inch  joint  plate  is  J  X  f  X  15,000  =  5625  lbs., 

each  rivet  will  resist  v  5625'  ~  4375'  =  3535  lbs.  horizontal  stress  before  the  limiting  bearing 
pressure  is  exceeded.  The  six  rivets  are  then  able  to  resist  21,210  lbs.  of  the  chord  stress, 
leaving  31,040  lbs.  to  be  resisted  by  the  remaining  rivets  through  the  chord  angles.  This 
requires  six  more  rivets,  or  twelve  in  all.  The  splice  at  the  end  of  the  lower  chord  piece  10 
requires  consideration.  There  must,  in  addition  to  sufficient  rivets,  be  enough  area  in  the  splice 
plates  to  equal  the  area  required  in  this  chord.  Of  the  joint  plate,  only  a  width  of  plate  which 
is  symmetrical  about  the  rivet  lines  in  the  chord  angles  is  available  in  the  splice,  and  also  the 
centre  of  gravity  of  the  splicing  plates  should  coincide  with  the  centre  of  gravity  of  the  chord 
angles.  This  latter  condition,  counting  3J  inches  as  the  available  width  of  the  joint  pkite« 
requires  6^  inches  as  the  width  of  the  bottom  splice  plate,  assuming  all  plates  to  be  three 
eighths  of  an  inch  thick.  The  splicing  plates  have  therefore  an  area  equal  to  (3^  -["  ^i'^SXi)! 
=  2.77  square  inches  net  area,  which  is  sufficient.  If  this  area  had  been  less  than  the  net  area 
required  in  the  chord  10,  the  joint  plkte  would  have  to  be  made  thicker. 

It  will  be  noted  that  the  neutral  axes  of  all  the  members  meeting  at  a  joint  intersect  at  a 
point.  It  is  not  more  expensive  to  do  this  in  practice  than  it  is  to  neglect  it,  although  it  is 
not  generally  done.  The  secondary  stresses  in  the  members  due  to  the  fact  that  the  connect- 
ing rivets  at  the  ends  of  the  members  are  not  on  the  neutral  axis,  or  symmetrical  about  it, 
still  remain.  These  stresses  should  be  looked  into  in  order  to  see  whether  there  are  any 
probably  dangerous  stresses.  It  is  not  practicable  to  make  a  rigid  analysis  of  these  stresses, 
owing  to  the  rigid  joints  and  details,  in  the  manufacture  of  which  we  cannot  estimate  the 
effect. 

314.  X^e  Bracing  of  Roofs  is  usually  put  in  the  plane  of  the  top  chord,  the  purlins 
being  used  as  struts  for  the  lateral  system.  When  a  line  of  shafting  is  supported  near  the 
lower  chord  a  system  of  lateral  bracing  should  be  introduced  there  also,  to  resist  any  vibration 
from  the  shafting.  For  a  building  with  a  number  of  trusses,  bracing  is  not  needed  between 
each  pair  of  trusses,  but  may  be  put  in  at  distances  of  about  100  feet  between  the  bays  which 
have  complete  systems,  the  purlins  being  relied  upon  to  carry  any  side  stress  which  calls  for 
bracing  between  the  necessary  expansion  joints  in  the  purlins.  If  the  end  of  the  building  is 
covered  with  glass,  as  the  end  of  a  train-shed  for  instance,  it  must  be  stiffened  against  bending 
and  the  consequent  destruction  of  the  glass.  This  is  usually  accomplished  by  using  a  hori- 
zontal truss  in  the  plane  of  the  lower  edge  of  the  glass  end  and  another  complete  system  in 
the  plane  of  the  top  chords  of  the  truss.  The  glass  between  these  two  lateral  systems  would 
then  be  stiffened  by  vertical  girders  attached  at  their  ends  to  these  lateral  systems. 
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CHAPTER  XXI. 


THE  COMPLETE  DESIGN  OF  A  SINGLE-TRACK  RAILWAY  BRIDGE. 
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315.  Data* — ^The  span  length  will  be  175  feet  centre  to  centre  of  end  pins.  Bridge  square- 
ended,  not  skew.  Straight  track.  Live'oad  to  be  Cooper's  Class  E-50  (Art.  no).  The  design 
will  be  made  in  accordance  with  the  American  Bridge  Company's  specifications  of  1900  as  given 
in  Appendix  A.  Soft  steel  will  be  used  throughout  except  for  pins,  for  which  medium  steel  will  be 
used. 

316.  Dimensions  of  Truss. — ^The  proper  depth  for  economy  in  material  of  a  single-track 
through  span  varies  from  one-fifth  to  one-sixth  of  the  span.  The  depth  is  dependent  to  a  small 
extent  on  the  length  of  panel,  the  economical  depth  being  greater  if  the  panel  is  longer  and  less 
if  ihe  panel  length  is  made  less.  The  weight  of  the  bridge  varies  very  little  for  a  change  in  the 
number  of  panels,  but  the  cost  of  manufacture  changes  rapidly,  being  less  per  pound  for  the  longer 
panels.  .  There  are  two  good  reasons  for  selecting  long  panels,  one  being  a  reduction  in  the  cost  of 

the  bridge  and  the  other  the  concentration  of  a  greater  mass  in  the  floor  sys- 
tem to  resist  impact  and  vibration  from  the  train.  The  objection  which  can 
be  urged  against  long  panels  is  that  owing  to  the  fact  that  the  trusses  for  spans 
under  300  feet  are  not  usually  spaced  much  over  16  feet  centre  to  centre,  the 
angle  made  by  diagonals  of  the  lateral  systems  with  the  centre  line  of  truss 
is  so  small  as  to  make  this  bracing  less  effective  than  if  the  panels  were  shorter. 
This  objection  deserves  consideration,  although  it  is  usually  not  given  much 
weight.  The  greater  number  of  joints  required  for  the  shorter  panel  and  the 
necessary  play,  or  required  looseness  of  fit,  at  the  joints  tend  to  counter- 
balance this  advantage.  A  panel  length  of  25  feet  and  a  depth  of  30  feet  will 
be  assumed,  as  these  dimensions  are  probably  very  near  the  correct  ones  for 
economy  in  material  and  cost.    This  span  length  is  about  the  length  for  which 

it  would  be  a  question  between  the  straight  and  the  curved  upper  chords.    For  longer  spans  'a 

curved  chord  would  usually  be  employed.    The  straight  chord  will  be  used  in  this  design. 

The  clear  opening  between  trusses  and  beneath  the  overhead  bracing,  will  be  as  shown  in 

I^^g-  355-    ^^^  width  centre  to  centre  of  trusses  will  be  taken  at  16  feet  2  inches.    The  stringers 

will  be  spaced  6  feet  6  inches  centre  to  centre. 

317.  Dead  Load. — To  get  the  weight  of  the  floor  the  specifications  require  that  to  the  weight 
of  the  timber  100  lbs.  per  foot  shall  be  added  for  rails,  spikes,  and  joints.  The  cross-ties  will  be 
taken  as  8"X8",  12  feet  long,  spaced  14  inches  centre  to  centre;  guard-rails  6"X8"  as  specified. 
At  4^  lbs.  per  foot  B.M.,  the  weight  of  timber  amounts  to  285  lbs.  per  foot.  The  total  weight 
of  floor  will  then  be  285  H- 100  =  385  lbs.  per  foot.  It  is  customary  to  take  400  lbs.  as  the  minimum 
weight  and  this  will  be  the  weight  assumed  in  this  case. 

The  weight  of  steel  work  will  be  obtained  from  the  formula  given  on  p.  269,  u'  =  7/-|-65o.  In 
this  case  w;  =  7X  175  + 650=  1875  ^^s.  per  foot.    The  total  dead  load  is  therefore  1875  +  400=2275 
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lbs.  per  foot.  This  gives  a  panel  load  per  truss  of  28,400  lbs.  We  will  consider  one-third  of  this, 
or  9500  lbs.,  as  concentrated  at  the  top  chord  joint  and  two- thirds,  or  18,900  lbs.,  at  the  bottom. 
This  is  the  usual  division  of  the  panel  load,  but  in  long  spans  it  is  always  best  to  get  the  correct 
division  of  load  from  a  trial  span  worked  out  on  the  basis  of  the  above  division. 

318  Wind  Load. — ^The  wind  pressure  specified  is  30  lbs.  per  square  foot  on  the  exposed 
surface  of  the  bridge  together  with  a  train  10  feet  high,  or  50  lbs.  per  square  foot  on  the  bridge 
alone,  the  largest  result  to  be  taken.  For  the  top  laterals  the  tributary  exposed  area  will  be  that 
of  the  two  top  chords  and  one-half  of  the  web  members.  This  will  average  about  6  square  feet 
per  lineal  foot,  giving  180  lbs.  and  300  lbs.  per  lineal  foot  for  pressures  of  30  lbs.  and  50  lbs.  respec- 
tively. For  the  lower  laterals  the  exposed  area  will  be  about  8  square  feet  per  foot,  giving  240 
and  400  lbs.  respectively  per  lineal  foot.  The  pressure  on  the  train  is  300  lbs.  per  lineal  foot  and 
is  to  be  treated  as  a  moving  load. 

319.  Determination  of  Stresses. — ^The  stresses  are  calculated  by  the  methods  fully  explained 
in  Part  I.  The  results  are  given  on  the  stress-sheet,  p.  366.  In  calculating  the  stresses  in  the  lateral 
trusses  the  upper  diagonals  are  assumed  to  act  in  tension  only  and  the  lower  diagonals  in  both 
tension  and  compression,  giving  to  each  diagonal  one-half  of  the  shear  in  the  panel.  The  upper 
laterals  are  calculated  for  the  50-lb.  pressure  and  the  lower  laterals  for  30-lb. 

Section  15  of  the  specifications  requires  that  there  shall  be  added  to  the  live-load  stresses  an 

allowance  for  impact  according  to  the  formula  I=Sjr-- — ,  where  S  is  the  live- load  stress  and  L 

is  the  length  of  loaded  distance  when  the  stress  in  the  given  member  is  a  maximum.    For  all  chord 

^00 
stresses  i  =  i75  feet  and  the  impact  coefficient^^ — =0.632.    For  the  web  members  the  values 

of  L  taken  are  the  distances  to  the  nearest  5  feet  from  the  first  wheel  of  the  train  to  the  end  of  the 

bridge.    A  convenient  table  of  impact  coefficients  will  be  found  in  Appendix  A.    The  impact 

stresses  are  separately  given  on  the  stress-sheet. 

To  ascertain  whether  the  wind  stresses  need  be  taken  into  account  in  designing  the  main  truss 

members,  it  will  be  necessary  to  calculate  these  stresses  in  the  lower  chords  only.    Those  in  the 

upper  chords  and  web  members  are  too  small  to  require  consideration.    The  wind  stresses  in  the 

lower  chords  arise  from  (a)  the  wind  pressure  of  240  lbs.  per  lineal  foot  as  a  fixed  load  and  300 

lbs.  per  foot  as  a  moving  load,  acting  directly  on  the  vlateral  truss;  (b)  the  overturning  effect  of 

the  wind  pressure  upon  the  train  (see  Art.  116);   and  (c)  the  portal  effect.    In  calculating  (6) 

the  pressure  upon  the  train  is  to  be  applied  7  ft.  6  in.  above  base  of  rail,  or,  say,  12  ft.  above  the 

12 
plane  of  the  laterals.    This  gives  a  downward  load  on  the  leeward  truss  of  300X-T— =  225  lbs. 

per  lineal  foot.    The  portal  effect  is  to  be  figured  for  a  pressure  of  180  lbs.  per  lineal  foot  on  the 


a; ^ c^ dr e" 


Fig.  356. 

upper  laterals,  and  the  end  posts  may  be  assumed  as  fixed  at  their  lower  ends  (see  Art.  iisO-  The 
unsupported  length  of  end  post  is  about  30  feet.  The  results  of  these  stress  calculations  are  herewith 
given.  The  side  a  ...  ^  is  the  windward  side,  and  the  diagonals  are  here  assumed  to  act  in  tension 
only.    These  wind  stresses  will  be  referred  to  in  taking  up  the  design  of  the  lower  chord. 
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WIND  STRESSES  IN  LOWER-CHORD  MEMBERS. 


Windward  Truss. 

Leeward  Truss. 

ab 

be 

cd 

d€ 

o'6' 

b'c' 

c^d^ 

d^0' 

Wind  on  lateral  truss 

+  63 

+  17 
+    9 

+  105 

+    17 
+     9 

+  126 
+    28 
+     9 

+  126 
+    28 
+     9 

0 

-17 
-  9 

-63 
-17 

-  9 

—  105 

-  9 

—  126 

Overturning  effect 

-  28 

Portal  effect 

-     9 

Totals 

+  89 

+  131 

+  163 

+  163 

-26 

-89 

-142 

-163 

320.  Working  Stresses,  Forms  of  Members,  etc — Below  is  given  an  abstract  of  those 

sections  of  the  specifications  relating  to  unit  stresses  to  which  frequent  reference  will  need  to  be 

made. 

Tensile  Stresses. — (21)  For  dead  load,  live  load,  and  impact,  15,000  lbs.  per  square  inch.  (22) 
The  same  unit  stress  to  be  used  for  wind  load. 

(23)  In  deducting  rivet-holes  they  must  be  assumed  i  inch  larger  than  the  size  of  the  rivets. 

(24)  Pin-connected  tension  members  shall  have  a  net  section  through  the  pin-hole  25  per 
cent  in  excess  of  the  net  section  of  the  body  of  the  member.  The  next  section  back  of  the  pin- 
hole shall  be  at  least  75  per  cent  of  the  net  section  through  the  pin-hole. 

Compressive  Stresses. — (25)  The  allowable  stress  per  square  inch  is  given  by  the  formula 

15,000 


i-f 


V 


(See  Appendix  A  for  a  table  of  values  of  p,) 

(26)  No  compression  member,  however,  shall  have  a  length  exceeding  100  times  its  least  radius 
of  gyration,  excepting  those  for  wind  bracing,  which  may  have  a  length  not  exceeding  120  times  the 
least  radius  of  gyration. 

Combined  Stresses. — (29)  In  case  the  maximum  stress  due  to  wind,  added  to  that  du^  to 
vertical  loading  (including  impact),  shall  exceed  19,000  lbs.  per  square  inch,  addition  must  be  made 
to  the  section  until  this  limit  is  not  exceeded. 

(30)  Should  the  stresses  be  reversed  in  any  possible  case  proper  provision  must  be  made  for 
such  stresess. 

Rivets. — (34)  Shearing  stress  =11,000  lbs.  per  square  inch;  bearing  stress  =  22,000  lbs.  per 
square  inch.  (35)  For  field  rivets  increase  the  number  thus  found  by  25  per  cent,  assimiing  them 
to  be  hand-driven. 

Pins. — (34)  (36)  For  medium  steel  pins,  shearing  stress  =12,000  lbs.  per  square  inch;  bearing 
stress  =  24,000  lbs.  and  bending  stress  =  25,000  lbs. 

The  minimum  thickness  of  metal  used  will  be  I  inch  except  for  unimportant  lateral  members, 
where  ^V-^J^ch  may  be  used.  This  is  slightly  different  from  the  requirements  of  the  specifications, 
but  is  in  accord  with  practice  for  sp^s  of  this  length.  All  lateral  members  will  be  made  of  forms 
capable  of  resisting  compression.  The  hip  vertical  and  the  lower-chord  segments  in  the  end  two 
panels  will  also  be  made  rigid  members.     End  floor-beams  will  be  used 

The  size  of  rivet  assumed  will  be  J  inch  except  for  channels  less  than  15  inches  wide.  No 
angles  less  than  3j"X3i"will  be  employed,  as  this  is  the  smallest  size  through  which  a  J-inch 
rivet  can  be  conveniently  driven. 

The  following  values  for  a  J-inch  rivet  will  be  found  useful: 


Shearing  va'ue. 


6610  lbs. 
J"  plate 


I'r"  plate 


Bearing  values. . 


7220  lbs.     8430  lbs. 


y  plate      iV'  plate      f '  plate 
9630  lbs.    10,840  lbs.  12,040  lbs. 


*■  •. 
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321.  Determination  of  the  Sectional  Areas  of  the  Main  Truss  Members.— la  the 
following  table  are  given  in  a  convenient  form  the  stresses  in  the  various  members  and  other  data 
needed  in  calculating  the  required  sectional  areas;  also  the  required  areas,  the  make-up  of  the  sec- 
tions, and  the  actual  areas  used,  gross  and  net.  The  sizes  of  the  tension  members  are  fixed  first, 
then  the  sizes  of  the  posts,  and  lastly  the  inclined  end  post  and  top  chord,  which  are  usually  made 


of  the  same  general  dimensions.  The  top  chord  must  be  made  wide  enough  to  allow  the  posts 
and  diagonals  to  be  packed  inside,  and  must  be  made  deep  so  that  the  pin-centre  may  be  far 
enough  from  the  top  plate  to  allow  room  for  the  eye-bar  heads  without  bringing  the  pin  much 
below  the  neutral  axis.    The  design  of  the  various  members  will  now  be  taken  up  in  detail. 


;  ■ 


ab 

and 

be 

cd 

de 

Be 

Cd 

cD 

Bb 

Cc 
Dd 

aB 


Stresses. 


BC 


CD 


Dcafl. 


\-n 


-118-7 

-142.5 

-  74.0 

-  37-0 

—     o 

37-0 


-h 


19.0 

37.8 

9-4 


+  111-0 


+  118. 7 


+  142.5 


Live. 

-197. 

•9 

-317- 
-381 
—  221, 

.6 

•3 
.6 

-147 

-  85 

-  40. 

.8 
.6 
.6 

-  94. 

.6 

+  113 
+  65 

•5 
■7 

+  309< 

.1 

+  317. 

.6 

+  381. 

■3 

Impact. 


-124.9 

—  200.5 

—  240.8 
-152.8 

—  108.2 

-  66.7 

-  34.3 

-  81. 1 


Total. 


-394.0 

-636.8 
—  764.6 

-448.4- 
-293.0 

-152  J 
-49.6* 


-194.7 

-h    83.0  +  234.3 
+   5i.2-f-i26.3 


+  195.2-^615.3 


+  200.5  +  636.8 


+  240.8  +  764.6 


360 
360 

469 


300 


300 


•a 


5-57 
4.43 

8.43 


8.68 


8.25 


IS 

IS 
IS 
IS 
IS 
IS 
IS 

15 

11.45 
10.08 


12.22 


2-3 
1°* 


13-77 


13.66 


26.3] 

42.5 

51-0 
29.9 

19-5 
10.2 

13-0  j 
20.5 

12-5 

f 

So.S| 


46.4 


56.0 


Make-up  of  Section. 
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Two  plates  i%"X%! 
Four  Zs3i"X3i"X%" 


Four  7"X  i%"bars 

Four  7"X  I  J"  bars 

Two8"XiJ"bare 

Two  7"X  iJi"  bars 

Two  5"Xi^"  bars 

One5"Xi"bar 

One  plate  9"Xt" ■ 

Four  Zs5"X3rXJii" 

Two  15"  I— »s  at  35  lbs.  per  foot. 
Two  1 2"  «_jS  at  25  lbs.  per  foot 

One  cover  plate  2V'X  ji" . 

Four  Zs3rX3i''X;6" 

Two  web-plates  2o"X?l6" 

Two  flats  4"Xi" 

One  cover-plate  2s"XJli" 

Four  Zs3i"X3i^'XV' 

Two  web-plates  2o"X  J6" 

Two  flats  4"Xi" 

One  cover-plate  2s"X  Jl«" 

Four  IszV'XzV'XKr 

Two  web-plates  2o"X!Hb" 

Two  flats  4"Xi" 


\ 


26. 6n 

43-7 

52.5 
30.0 

20.1 

10.6 

5-0 

17. 51' 
13. 2» 

20.6 
14.7 

51-9 


46.9 


56.9 


*  See  Section  41  of  the  Specifications. 

326.  Tension  Members. — Members  cd  and  de  and  all  diagonals  are  made  of  eye-bars,  four 
being  used  for  each  chord  member  and  two  for  each  diagonal,  except  for  the  counter  cDy  where  a 
single  bar  is  used.  he  best  relative  dimensions  of  eye-bars  are  determined  from  considerations 
of  convenience  in  packing,  case  of  manufacture,  and  the  size  of  pins  required.  Relatively  thick 
bars  occupy  much  space  and  cause  large  bending  moments  in  the  pins,  thus  requiring  the  use 
of  large  pins,  while  very  thin  bars  are  difficult  to  manufacture  and  also  require  large  pins  in  order 
to  furnish  sufficient  bearing  area.  These  considerations  lead  to  the  use  of  bars  ranging  in  thick- 
ness usually  from  one-sixth  to  one-fourth  of  the  width  for  bars  from  5  to  10  inches  wide.  The 
least  thickness  permissible  is  given  in  the  table  on  p.  28a. 
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For  the  chord  members  7-inch  bars  are  used.  For  the  diagonal  Be  an  8-inch  bar  is  employed, 
as  a  7-inch  bar  would  need  to  be  over  2  inches  in  thickness,  which  would  be  undesirable.  As  a 
rule,  however,  a  relatively  thick  and  narrow  bar  should  be  used  for  this  member^  since  a  wide 
bar  is  apt  to  interfere  with  the  top  plate.  On  the  other  hand,  the  pin  at  this  joint  is  always  of 
large  size  and  the  eye-bar  must  be  large  enough  to  accommodate  the  pin. 

The  table  on  p.  357  does  not  include  wind  stresses.  We  will  now  ascertain  if  it  is  necessary 
to  take  them  into  account.  As  regards  tensile  stresses  the  member  in  which  the  ratio  of  the  wind 
stress  to  the  total  stress  from  vertical  load  is  the  greatest  is  be  (6V  in  the  table  of  wind  stresses). 
The  wind  stress  is  89^000  lbs.  Adding  this  to  the  total  stress  we  get  a  total  combined  stress  of 
89,000+394,000=483,000  lbs.  The  working  stress  for  this  combined  stress  is  19,000  lbs.  The 
required  area»=483,ooo-H  19,000=  25.4  square  inches.  This  being  less  than  that  required  for 
vertical  load  it  follows  that  the  wind  tensile  stresses  need  not  be  taken  into  account.  As  regards 
compressive  stresses  the  only  member  whose  stress  can  possibly  be  reversed  under  the  assumption 
of  maximum  wind  pressure  with  minimum  live  load  (section  (17)  of  specifications)  is  be,  which  is 
already  a  rigid  member.  Assuming  the  lateral  diagonals  to  act  in  compression  as  well  as  tension, 
which  is  admissible,  the  compressive  wind  stress  in  be  will  be  much  reduced. 

The  members  ab  and  be  will  be  built  as  one  continuous  member  in  the  form  of  two  built  chan- 
nels, latticed  top  and  bottom.  As  the  eye-bar  heads  at  e  will  need  to  be  17  inches  in  diameter, 
18-inch  plates  will  be  used,  so  that  the  bars  may  be  packed  closely  without  cutting  off  the  hori- 
zontal legs  of  the  angles.  Referring  to  Fig.  371,  p.  373,  it  will  be  seen  that  the  net  section  of  this 
member  is  on  line  pq,  and  the  net  area  is  found  by  deducting  three  rivet-holes  from  each  web- 
plate  and  one  from  each  angle.  The  sizes  selected  give,  therefore,  a  net  area  for  the  plates  of 
2X15X1^  =  16.9,  and  for  the  angles  of  4X  (2.87  — .44)  =  9.7,  or  a  total  of  26.6  square  inches. 

The  member  Bb  will  be  made  of  one  plate  and  four  angles.  The  best  width  of  this  member 
depends  on  the  width  of  the  top  chord.  It  should  pack  quite  closely  to  the  diagonals  at  B  in  order 
to  keep  the  bending  moment  on  the  pin  as  small  as  possible.  A  width  whidi  subsequent  calcu- 
lation shows  to  be  suitable  is  9  inches.  One  9"Xt"  plate  and  four  5"X3i"XTV"  angles  give  a 
net  area  of  13.2  square  inches  after  deducting  two  holes  from  each  plate  and  two  from  each  angle. 

327.  Compression  Members. — Either  rolled  or  built  channels  are  usually  employed  for 
posts.  In  this  case  rolled  channels  will  be  large  enough  and  will  be  used.  For  Ce  a  trial  shows 
that  15-inch  channels  will  be  required.    The  radius  of  gyration  of  15-inch  channels  varies  from 

5.62  to  5.16.    Use  5.4  for  a  trial.    With  this  value  of  r  wc  have  -=^ —  =66.7.    The  correspond- 

^      5*4 

ing  working  stress  is  then  found  by  calculation,  or  by  interpolation  in  the  table  in  Appendix  A,  to 
be  11,270  lbs.  per  square  inch.  The  required  area =234.3-^-1 1,270 =20.8  square  inches.  The  area 
of  two  35-lb.  channels  gives  only  20.6,  but  it  will  be  noticed  that  the  value  of  r  for  a  3S-lb.  channel 
is  5.57,  which  is  larger  than  the  assumed  r.  Hence  for  r=s.S7  the  working  stress  will  be  some- 
what larger  than  11,270  and  the  required  area  somewhat  less  than  20.8.  The  35-lb.  channels 
will  therefore  probably  be  large  enough.  Revising  the  calculations  with  ^=5.57.  we  find  that 
the  area  required  is  20.5,  and  hence  these  channels  will  be  used. 

For  member  Dd  two  12-inch  channels  25  lbs.  per  foot  "will  be  used. 

The  channels  of  the  posts  will  be  turned  with  flanges  inward  and  the  webs  placed  parallel 
to  the  axis  of  the  bridge. 

It  has  been  assumed  that  the  radius  of  gyration  about  an  axis  perpendicular  to  the-  webs  is 
the  least  radius.  The  necessary  spacing  of  the  channels  to  satisfy  this  requirement  will  be  deter- 
mined fox  the  15-inch  channels.    Let  x  be  the  required  distance  from  the  centre  line  between 
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the  channels  to  the  gravity  axes  parallel  to  the  webs.  Then  for  equal  moments  of  inertia  we  have 
from  the  handbook^  and  from  principles  of  mechanics, 

2(8.48+ 10.29:^*)  =  2  X319.9, 

whence  ^=5.50  inches.  The  distance  back  to  back  of  channels  must  be  2  X  (5.50+ .79)  =  12.58 
inphes.  This  should  be  the  spacing  of  the  channels  if  the  post  were  as  free  to  deflect  laterally  as 
it.  is  in  a  direction  parallel  to  the  bridge  axis.  It  is,  however,  rigidly  supported  for  a  length  of 
at  feast  5  feet  at  the  lower  end  by  means  of  the  floor-beam,  and  is  also  braced  at  the  top  by  the 
sway  bracing.    The  unsupported  length  is  therefore  much  less  in  a  transverse  plane  than  in  a 

longitudinal  plane.    For  equal  resistance  against  buckling  in  the  two  directions,  the  correspond- 

l 
ing  values  of  —  should  be  the  same,  where  I  is  the  unsupported  length.    To  fulfil  this  require- 
ment the  spacing  of  the  channels  need  be  only  about  10  inches  back  to  back.    A  spacing  of  12 
inches  is  as  gjreat  as  will  be  found  convenient  and  will  be  adopted. 

In  making  up  the  top-chord  sections  we  will  begin  with  5C,  the  member  having  the  least 
stress.  For  this  member  it  is  desirable  that  the  material  be  used  in  as  thin  section  as  per- 
missible, as  all  other  chord  members  must  have  the  same  general  dimensions.  A  depth  of  20  inches 
is  the  least  that  will  admit  the  eye-bar  head  at  B  and  this  depth  will  be  tried.  The  anj^les  used 
will  be  3i''  X3y.  The  width  of  top-plate  must  be  such  as  to  make  the  moment  of  inertia  about  a 
vertical  axis  as  great  as  that  about  a  horizontal  axis.  By  the  rough  rule  of  Art.  231,  tl.is  width 
will  be  assumed  at  25  inches.  In  order  to  keep  the  centre  of  gravity  as  low  as  practicable,  the  sec- 
tion will  be  partially  balanced  by  using  thick  *' flats"  on  the  horizontal  legs  of  the  lower  angles, 
each  assumed  4"Xj"  in  size.  Before  completing  the  trial  section  a  close  value  can  be  obtained 
of  the  area  riequired  by  using  the  rule  that  the  radius  of  gyration  is  approximately  equal  to  four- 
tenths  of  the  depth  of  the  section.  The  depth  is  20  inches,  heijce  r=8.o.  For  this  value  of  r 
the  working  stress  =  13,600  lbs.  per  square  inch.  The  required  ai:ea  is  then  47  square  inches. 
The  section  is  now  made  up  as  follows,  bearing  in  mind  the  general  rules  of  Art.  231  with  refer- 
ence to  least  thickness  of  metal: 

Arra. 

Cover-plate,  25" XW" • 10.9 

Four  angles,  3i"X3y'X  tV : .  11.5 

Two  web-plates,  20" XtV • i7-5 

Two  flats,  4"X4" 7.0 

Total ^ 46.9 

The  exact  value  of  r  will  now  be  calculated.    Fig.  358  shows  the  dimensions  of  the  section  and 
the  position  of  the  gravity  axes  of  the  several  parts..   The 
most  convenient  Axis  of  reference  is  the  centre  line  AB 
of  the  web-plates. 

The  position  of  the  gravity  axis  is  first  calculated. 
The  web-plates  and  angles  being  symmetrical  about 
ABf  the  moment  of  their  area  about  AB  is  zero.  The 
distance  of  the  gravity  axis  above  -45  is  then  equal  to 
(io.gXiO'.47  -  7.0  X  10.69) -f- 46.9  =  0.85  inch. 

The  calculation  of  the  moment  of  inertia  about  axis 
AB  IS  as  follows,  neglecting  the  very  small  moment  of 
Inertia  of  the  cover-plate  and  flats  about  their  own 
gravity  axes. 
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Cover-plate,  10.9  X  10.47*                =  1^95 

Four  angles,  4(3.26+2.87X9.21*)==  988 

Two  web-plates,  2 (f V X tV X  20')       =  583 

Two  flats,  2  (3 .  s  X 10 .69*)                 «  800 

Total  /  =  3566  ' 

The  moment  of  inertia  about  the  gravity  axis  is  then  equal  to  3566— 46.9X0.85* =3532.    Then 

we  have  r=\m^  =8.68  inches. 

^  46.9 

Now  with  a  value  of  r=8.68  the  working  stress  is  found  to  be  13,770  lbs.  per  square  inch  and 
the  required  area =46.4  square  inches,  a  result  agreeing  very  closely  with  that  previously 
obtained.    The  above  section  will  therefore  be  used. 

Member  CD  is  made  the  same  as  5C,  excepting  that  H-inch  web-plates  are  used.  The 
moment  of  inertia  =  3870,  the  value  of  r  is  8.25,  and  the  gravity  axis  is  0.70  inch  above  the  centre 
of  the  web- plate. 

For  member  oB  the  web-plates  are  made  iV  i^^ch  thick,  7=3692,  r=8.43  inch,  and  the  eccen- 
tricity =0.7  7  inch. 

The  moment  of  inertia  of  BC  about  a  vertical  axis  is  found  to  be  3774,  which  is  considerably 
greater  than  that  about  the  horizontal  axis.  The  radius  of  gyration  used  is  therefore  the.  least 
radius. 

The  stress  in  the  end  post  due  to  wind  remains  to  be  considered.  For  a  pressure  of  180  lbs, 
per  lineal  foot  on  the  upper  lateral  truss  the  total  load  applied  at  the  portal  {P  of  Art.  115)  is  equal 
to  3X25X180=13,500  lbs.  The  horizontal  reaction  at  the  point  of  inflection  =  Ph- 2  =  6750  lbs. 
The  unsupported  length  of  end  post  below  the  portal  is  about  30  feet,  hence  the  bending  moment 
in  the  post  =  675oX  15  =«oi,ooo  ft.-lbs.  The  moment  of  inertia  of  the  post  section  about  a  vertical 
axis=4ioo.  Hence  the  maximum  fibre  stress  due  to  this  moment  =  ioi,oooX  12 X  12.5 -^ 4100= 
3700  lbs.  per  square  inch,  and  occurs  at  the  lower  edge  of  the  portal  and  at  the  foot  of  the  post. 
The  stress  due  to  vertical  load  =  6i5,ooo-^ 51.9  =  11,900  lbs.,  thus  giving  a  total  combineJ  stress 
of  15,600  lbs.  per  square  inch.  The  bending  stress  near  the  centre  of  the  post,  where  the  tendency 
to  buckle  from  column  action  is  greatest,  is  very  small,  the  point  of  inflection  being  near  the  centre. 
Inasmuch  as  the  specifications  allow  about  27  per  cent  increase  in  stress  for  combined  stresses, 
and  as  the  above  wind  stress  is  but  little  more  than  27  per  cent  of  the  allowed  column  stress  of 
12,220  lbs*  and  occurs  only  near  the  ends  of  the  column,  it  is  evident  that  no  provision  need  be 
made  for  wind  stress.  It  is  to  be  noted  furthermore  that  the  calculated  stress  of  3700  lbs.  per 
square  inch  occurs  only  at  the  extreme  edge  of  the  member;  the  average  stress  on  the  web-plates 
and  angles  is  only  about  2500  lbs.  per  square  inch.  The  direct  stress  V  of  Art.  115  amounts  to 
only  6750X15-^16.2  =  6300  lbs.,  and  the  resulting  stress  per  square  inch=630o-^ 51.9  =  120  lbs., 
an  amount  of  no  consequence.* 

Whether  the  end  post  may  be  assumed  as  fixed  may  be  determined  by  comparing  the  bending 
moment  of  101,000  ft.-lbs.  above  found,  with  the  maximum  resisting  moment  obtained  by  multi- 
plying the  total  dead-  and  live  load  stress  by  one-half  of  the  distance  between  pin  bearings,  approxi- 
mately equal  to  420,000X^X17.5  =  3,670,000  inch-lbs.  =  306,000  ft.-lbs.  (see  Art.  115/). 

328.  The  Location  of  the  Pins  in  the   Upper  Chord  and  End  Post, — The  distances  of  the , 
centres  of  gravity  of  the  several  sections  above  the  centre  lines  are  as  follows:  For  aB,  0.77";  for 

♦Slightly  larger  bending  stresses  will  be  obtained  by  the  use  of  eq.  (4),  p.  173,  considering  the  post  as  15  feet  long, 
fixed  at  one  end  and  hinged  at  the  other  (point  of  inflection).  This  is,  however,  a  refinement  not  warranted  by  the  condi. 
tioQS  of  the  problem. 
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BCj  0.85";  for  CZ>,  0.70".  The  weights  per  foot  of  these  members,  allowing  10  per  cent  for 
rivets  and  latticing,  are  respectively  190  lbs.,  170  lbs.,  and  210  lbs.  The  bending  moment  at  the 
centre  of  aB  due  to  its  weight  =  iu'rx  5 1  =  278,000  in.-lbs.  By  the  formulas  of  Art.  150,  p.  177, 
the  bending  moment  in  BC  is  approximately  equal  to  /^j2t//^  =  ^5yX  170X25^X12  =95,600  in.-lbs.; 
and  in  member  CD  it  is  ^^jU'r  =  ^VX2ioX25^Xi2  =  65,ooo  in.-lbs.  If  the  pin  is  placed  in  the 
centre  of  the  web  there  will  be  caused  in  member  aB  a  negative  moment  due  to  eccentricity  of 
61 5,000 X. 77  =  474,000  in.-lbs.;  in  member  BC  a  negative  moment,  by  the  formuVi  01  p.  178,  of 
.51 X 637,000 X. 85  =  276,000  in.-lbs.;  and  in  CZ>  no  moment  of  any  consequence.  The  resulting 
total  moments  are:  in  aB,  —196,000;  in  5C,  —180,000;  and  in  CD,  -1-65,000  in.-lbs.  The 
resulting  fibre  stressed  on  the  compression  side  are  580,  560,  and  170  lbs.  per  square  inch  respectively. 
Inasmuch  as  these  are  less  than  5  per  cent  of  the  working  stress  they  may  be  neglected  and  the 
assumed  central  position  of  the  pin  adopted.  A  customary  allowance  for  stresses  of  this  kind 
is  10  per  cent..  If  the  pin  we^e  placed  J.  inch  above  the  cfentre  of  the  webs  the  fibre  stresses  in 
aB  and  BC  would  be  reduced  to  about  50  lbs.  per  square  inch,  but  the  clearance  for  the  eye- 
bars  at  joint  B  (|  inch)  is  not  sufficient  to  permit  this,  a  clearance  of  J  inch  being  the  minimum 
desirable.  It  is  to  be  noted  that  the  above  computations  relate  to  the  moments  at  or  near  the 
centres  of  the  members. 

329.  The  Design  of  the  Floor  System. — Stringers. — The  stringers  are  simple  plate  girders 
25  feet  in  length.  Their  weight  may  be  approximated  by  the  formula  for  plate  girders  (p.  274), 
2^'=  12/4-150=450  lbs.  per  foot.  However,  as  there  will  probably  be  no  stifleners  and  only  very 
light  lateral  bracing  the  weight  per  foot  will  be  assumed  at  400  lbs.,  or  200  lbs.  per  stringer.  The 
track  weighs  200  lbs.  per  lineal  foot  per  stringer.  The  resulfing  dead-load  moment  at  the 
centre  =  375,000  in.-lbs.  as  given  on  the  stress-sheet.  The  maximum  live-load  moment  =  4,575,000 
in.-lbs.  and  the  impact  (Zj- 25)  =  4,223,000  in.-lbs.  Total  moment  =  9,1 73,000  in.-lbs.  The  end- 
shears  are:  dead  load,  5000  lbs.;  live  load,  71,000  lbs.;  impact,  65,500  lbs.;  total,  141,500  lbs. 
The  specifications  allow  one-eighth  of  the  web  to  be  counted  as  flange  area. 

The  depth  of  the  stringer  must  be  selected  with  reference  to  convenient  and  economical  con- 
struction of  both  floor-beam  and  stringer.  The  least-weight  depths  of  beam  and  stringer  as  deter- 
mined by  the  formula}  of  p.  333,  will  be  about  the  same,  but  to  permit  the  stringer  to  be  framed 
properly  into  the  "beam  its  depth  will  need  to  be  at  least  9  inches  less  than  that  of  the  beam.  Taking 
the  weight  of  stiffeners,  end  connecting  angles,  and  fillers  into  account  and  bearing  in  mind  the  rela- 
tion of  stringer  and  floor-beam,  the  depth  of  stringer  for  the  most  economical  construction,  assuming 
a  f -inch  web,  will  not  exceed  about  50  inches.  It  is  to  be  observed,  however,  that  section  (40) 
of  the  specifications  does  not  require  stifleners  if  the  distance  between  flange  angles  does  not 
exceed  sixty  times  the  thickness  of  the  web.  With  6"X6"  flange  angles  the  use  of  stiffeners  can 
therefore  be  avoided  if  the  web-plate  is  made  42"  X}",  the  distance  between  flange  angles  then 
being  30  inches.  This  construction  will  weigh  a  little  more  than  a  stringer  with  a  50"  X  J"  web 
provided  with  stiffeners,  but  will  cost  about  the  same  and  will  permit  the  use  of  a  shallower  floor- 
beam.     The  ^-inch  web  will  therefore  be  used. 

For  a  depth  of  web  of  42  inches  the  distance  back  and  back  of  flange  angles  will  be  42  J  inches. 
If  6"X6"  angles  are  used  the  effective  depth  of  the  girder  will  be  about  42.25—2X1.7  =  38.8". 

9,173,000 

The  required  net  flange  ai:ea=' rT~77-j  =15.8  square  inches.     One-eighth  of  the  web  area 

^  ^  15,000X38:8       J       ^  & 

=  2.6  square  inches,  hence  the  net  area  required  for  the  angles  is  15.8— 2.6-=  13.2  square  inches. 
Angles  I  inch  thick  will  give  only  13  scjuare  inches,  deducting  one  hole  from  each  angle.  Use, 
therefore,  6"X6"X{;/'  angles;  net  area  ecjuals  14. 19  scjuare  inches  and  distance  of  gravity  axis 
from  back  of  flange=i.75  inches.     There  being  some   surplus   section,  it  is  probable  that  these 
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same  angles  may  be  used  if  the  depth  is  reduced  to  41  inches  or  41 J  inches  back  to  back  of  angles. 
The  required  net  area  for  this  depth  is  found  to  be  16.22  square  inches,  of  which  the  web 
furnishes  2.56,  leaving  13.66  to  be  furnished  by  the  angles.    This  depth  will  therefore  be 'used. 

The  maximum  end  shear  is  141,500  lbs.  The  shear  at  the  quarter-point  is  found  to  be 
87,000  lbs.,  and  at  the  centre  40,000  lbs.*  The  proportion  of  shear  to  be  given  over  to  the 
flange  is  found  by  multiplying  the  above  shears  by  the  ratio  of  the  net  area  of  the  flange 

angles  to  the  total  flange  area,  including  one-eighth  of  the   web,== '        a'^'^S   (see  Art. 

279).  The  resulting  values  are  respectively  120,000  lbs.,  74,000  lbs.,  and  34,000  lbs.  The 
maximum  wheel  load  is  25,000  lbs.,  and  is  assumed  to  be  distributed  over  three  ties,  or  a 
distance  of  42  inches.  By  the  method  of  Art.  280  the  rivet  spacing  at  the  end,  quarter-point, 
and  centre  is  found  to  be  respectively  2.75",  4.4'^  and  8.0".  As  the  pitch  of  rivets  in  angles 
supporting  cross- ties  should  not  usually  exceed  4  inches,  we  will  use  2j-inch  pitch  for  about  3 
feet  at  the  end,  3-inch  pitch  for  3  feet,  then  4-inch  pitch  for  the  remaining  distance.  Tlie 
allowable  shearing  stress  in  the  web  is  9000  lbs.  per  square  inch.  *  The  actual  stress,  deducting 
as  much  as  one-sixth  for  rivet-holes  at  the  end,  is  8300  lbs.  per  square  inch. 

To  connect  the  stringer  to  the  floor-beam  5"  X3i"  X  W'  angles  will  be  used.  The  number  of 
rivets  required  through  the  web  of  the  stringer  =  141,500-^-9630=  15,  calculated  from  the  bearing 
value  of  a  rivet  on  the  J-inch  web.  For  shearing  strength  (double  shear)  the  number=i4i,5oo-^ 
13,220=11.  By  placing  eleven  rivets  thrgiigh  the.  angles  and  five  additional  ones  through  the 
filler  the  required  strength  is  secured.  The  number  of  rivets  through  the  web  of  the  floor-beam  is 
determined  either  from  the  maximum  end  shear  of  the  stringer,  the  rivets  being  in  single  shear, 
or  the  maximum  sum  of  the  end  shears  of  the  two  adjoining  stringers,  the  value  of  the  rivet 
being  its  bearing  value  on  the  web-plate.  The  latter  load  is  equal  to  the  maximum  live-load 
floor-beam  concentration,  including  impact,  plus  the  dead  load  on  one  stringer  ==  175,700-1- 10,000  = 
185,700  lbs.  The  web  of  the  floor-beam  will  be  one-half  inch  thick.  The  number  of  rivets  to 
carry  the  stringer  shear=  141,500-^6610  =  21.7,  and  to  carry  the  floor-beam  concentration 
=  185,700-^9630=19.3.  These  being  field  rivets,  add  25  per  cent  to  the  number  thus  found, 
giving  27  as  the  required  number.    The  number  used  is  28. 

The  stringers  will  be  provided  with  lateral  bracing  consisting  of  single  angles  arranged  as 
shown  on  the  stress-sheet.  Fig.  361.  The  lateral  pressure  will  be  assumed  at  150  lbs.  per  lineal 
foot  on  the  stringer  and  floor  and  300  lbs.  on  the  train.  The  stress  in  the  end  member  will 
be  about  5700  lbs.,  tension  or  compression.  The  length  of  the  member  is  about  90  inches  between 
centres  of  connections.  The  least  value  of  r  permissible  is  ■iVV='-75"'  This  requires  the  use  of 
4"  X4''  or  5"  X3i"  angles.  The  latter  size  will  be  used  ^V  i^ch  thick.  It  is  amply  large  to  carry 
the  given  stress. 

The  actual  weight  of  the  stringer  and  bracing  can  now  be  determined.  The  total  weight  of 
web  and  flanges =4380  lbs.;'  weight  of  one-half  of  the  bracing  =180  lbs.;  rivet-heads  about  100 
lbs. ;  total  4660  lbs.,  not  including  end  connections.    The  assumed  weight  was  5000  lbs. 

330.  Floor-beams. — In  calculating  stresses  the  length  of  the  beam  is  taken  equal  to  the  dis- 
tance between  truss  centres  =  194  inches.  The  dead  load  concentrated  at  the  point  of  connection  of 
the  stringers  is  equal  to  the  total  dead  load  on  one  stringer  =  10,000  lbs.  The  weight  of  the  beam, 
for  purposes  of  stress  calculation,  will  be  assumed  at  4000  lbs.  This  will  be  assumed  as  uniformly 
distributed.     The  maximum  live-load    concentration  =  94,600  lbs.,  and  the  impact    allowance 

*  Calculated  from  the  approximate  rule  for  live-load  shears  that  the  shears  at  quarter-point  and  centre  are  equal 
icspectively  to  five-eighths  and  two-seveoths  of  the  end  shear.    (See  Art.  zxo.) 
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■=81,100  lbs.  The  shear  at  the  post  is  therefore  10,000+2000+94,600+81,100=187,700  lbs. 
The  shear  is  practically  uniform  between  the  post  and  the  stringer,  varying  only  by  the  weight  of 
the  beam  between  these  points.  The  moment  due  to  the  weight  of  the  beam  is  a  maximum  at  the 
centre,  and  is  equal  to  JX40ooXi94  =  97,ooo  in.-lbs.  The  moment  due  to  the  weight  applied 
at  the  stringer  connection  is  the  same  at  the  centre  as  at  the  stringer,  and  is  equal  to  the  corre- 
sponding end  shear  multiplied  by  the  distance  from  truss  centre  to  stringer— i85,7ooX(97—39)-' 
JO,T]o,ocxi  in.-ibs.    The  total  moment  =  10,867,000  in.-tbs. 


The  depth  of  the  beam  will  be  taken  at  54^  inches  back  to  back  of  angles  and  the  web-plate 
will  be  J  inch  thick.  A  thick  web  is  desirable  here  on  account  of  the  heavy  shearing  stresses  to 
be  provided  for. 

By  trial  it  is  found  that  two  6"X4"X8"  angles  will  give  the  required  flange  area.  Their  net 
area  =  io.s  square  inches,  and  one-eighth  of  the  web  =  3.37  square  inches,  giving  a  total  of  13.87, 
which  is  the  area  required.  The  web  area  required  to  carry  the  shear=i87,7oo-^90oo  =  2i 
square  mches.  The  actual  area  =  27  square  inches,  which  leaves  an  ample  margin  for  the 
weakening  effect  of  rivet-holes,     [See  Art.  286.) 

For  calculating  the  rivet  spacing  the  proportion  of  shear  transmitted  to  the  flanges = — ^  =76 

per  cent.  The  rivet  pitch  is  calculated  to  be  3.4  inches.  This  is  the  theoretical  uniform  pitch 
between  the  truss  centre  and  the  stringer.  Inasmuch  as  the  beam  flanges  are  actually  somewhat 
short  of  this  length,  the  pitch  will  need  to  be  proportionately  less  in  order  to  get  in  the  necessary 
number  of  rivets.  A  simple  way  of  arriving  at  this  is  to  calculate  the  number  of  rivets  required 
between  the  stringer  and  the  end  of  the  flange  to  transmit  the  entire  stress  which  exists  in  the 
flange  angles  at  the  stringer.     This  stress  may  be  assumed  the  same  as  at  the  centre  of  the  beam 

and  is  equal  to  — j;-  times  the  total  flange  stress,-is8,ooo  lbs.    To  transmit  this  stress  requires 

158,000-^9630  =  17  rivets.  In  the  upper  flange  18  are  used;  in  the  lower  flange  only  13  can  be 
,.w.  in,  but  by  using  heavy  cover-plates  over  the  angles  at  the  end  of  the  beam  the  four  rivets  at 
ibe  end  have  a  strength  equfil  to  their  bearing  value  on  the  vertical  legs  of  the  two  angles,  which 
is  more  than  double  the  value  of  the  other  rivets.  The  strength  is  therefore  sufficient.  With  a 
shallower  beam  some  other  arrangement  would  have  to  be  used  than  that  here  adopted.    The 
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spacing  of  the  flange  rivets  between  the  stringers  may  be  made  the  maximum  permissible.  The 
number  of  field  rivets  required  to  connect  the  beam  to  the  post  =  187,700^-6610  (plus  25%)  =  36. 
The  rivets  through  tho  connecting  angles  and  the  web  of  the  beam  will  be  arranged  to  stagger 
with  these  rivets,  although  the  number  required  is  less. 

The  end  detail  of  the  beam  requires  careful  consideration.  In  this  design  the  beam  is  placed 
with  its  lower  flange  at  the  same  level  as  the  lower  end  of  the  post,  so  that  the  lateral  connecting 
plates  may  be  well  riveted  to  both  post  and  beam.  This  requires  the  beam  to  be  cut  away  lo  make 
room  for  the  pin  and  eye-bars,  thus  weakening  it  very  greatly  at  this  point.  Heavy  reinforcement 
is  required,  the  strength  of  which  is  difficult  to  calculate  exactly.  The  web  is  spliced  as  shown, 
the  web-plate  on  the  left  side  extending  above  the  beam  far  enough  to  permit  of  the  proper  connec- 
tion to  the  post.  This  splice  is  designed  for  moment  as  explained  in  Chapter  XIX.  The  splice 
plates  are  made  of  the  same  thickness  as  the  flange  angles  in  order  to  act  as  fillers  for  the  connecting 
angles  and  for  the  additional  cover-plates  riveted  over  the  lower  flange  angles.  These  additional 
plates  serve  to  strengthen  the  weak  corner  of  the  beam  and  to  take  up  the  lower  flange  stress  and 
carry  it  to  the  end  of  the  beam.  The  cur\'ed  angle  gives  a  finish  to  the  beam,  but  adds  little  to  its 
strength. 

The  end  floor-beam  is  arranged  to  rest  upon  the  end  shoe  as  shown  in  Fig.  373.  Its  depth 
will  need  to  be  6J"  greater  than  the  other  beams  in  order  to  permit  of  convenient  arrangement 
of  the  end  joint  with  respect  to  the  member  abc.    The  design  of  this  beam  is  left  to  the  student. 

331.  The  Lateral  Bracing. — The  laterals  w^ill  be  made  of  angles  in  order  to  meet  the  require- 
ment of  section  (48)  of  the  specifications.  The  upper  diagonals  will  be  made  of  two  angles  latticed 
and  spaced  a  distance  apart  equal  to  the  depth  of  the  upper  chord.  This  gives  a  very  rigid  member 
vertically,  and  where  two  cross  at  the  centre  they  are  well  supported  horizontally.  They  will  be 
designed  sufficiently  large  to  carr}^  all  the  stress  as  tension  members.  The  stress  in  the  end  diag- 
onal is  27,800  lbs.,  requiring  a  net  area  of  1.9  square  inches.  Two  3i" X3i"  X^"  angles  will  furnish 
more  than  this  area,  and  this  size  will  therefore  be  used  throughout.  Each  angle  will  be  con- 
nected by  three  rivets. 

The  upper  lateral  strut  has  a  maximum  stress  of  11,200  lbs.  Its  unsupported  length  is 
14  feet.  The  least  permissible  value  of  r  is  1.4  inches.  Use  two  3i"X3.V'Xs"  angles  sepa- 
rated by  a  J-inch  joint  plate,  giving  a  radius  of  gyration  about  a  vertical  axis  of  1.6  inches.  The 
strut  is  supported  in  a  vertical  plane  at  three  intermediate  points  by  the  sway-bracing.  The  area 
of  these  two  angles  is  ample  to  cdwy  the  given  stress. 

The  lower  lateral  diagonals  will  also  be  made  of  angles.  As  they  are  comparatively  short 
between  supports  they  will  be  designed  to  carry  one-half  the  shear  in  tension  and  one-half 
in  compression.  The  compressive  stresses  will  govern  the  design.  The  greatest  unsupported 
length  of  these  members  is  the  distance  from  the  point  of  connection  with  the  floor-beam  and  post 
to  the  point  where  they  connect  to  the  stringer.     This  is  about  7  feet.     The  least  permissible 

radius  of  gvration= =  -7"-    The  smallest  angle  used  will  therefore  be  5"X3i".     The  follow- 
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ing  arc  the  stresses,  the  values  of  r,  the  required  areas,  the  mak^-up  of  the  members,  and  the 
actual  gross  sections  used. 

Unit  Stress.     Area  Required.  Make-up.  Area  Used. 

10,000  3.75         2-s"X3V'Xf"Zs  6.10 

7,840  3.3  i-s"X3rXTV'Z  3-53 

7,840  2.0  i-5"X3rxr^  3-oS 

7,840  0.8  i-5"X3rxrz  3-OS 

The  numbers  of  field  rivets  required  for  the  connections  are  respectively  7,  5,  3,  and  2.  Not 
less  than  four  are  used  in  any  member. 


Meml)er. 

Stress. 

r. 

ab' 

±37.500 

1.02 

be' 

±26,000 

.76 

cd' 

±15^300 

.76 

de' 

+    6,000 

.76 

I 
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Fig.  360. 


332.  The  Portal  and  Sway  Bracing.— The  *' A"  form  of  portal  will  be  used,  as  it  is  simplt, 
rigid,  and  can  be  made  relatively  deep  at  the  posts  without  decreasing  the 

headroom.  Observing  the  clearance  required  in  Art.  316,  a  sketch  will  show 
that  the  brace  ED  can  be  brought  down  the  jx)st  so  that  the  unsupported 
length  of  post  from  D  to  the  foot  will  be  about  28^  feel.  The  distance,  e, 
from  D  to  the  top  strut  will  be  12  feet.  Distance,  c,  from  C  to  the  point  of 
inflection  =12 +  281-^2  =  26.3  ft.  P  =  22,500  lbs.  for  50  lbs.  pressure.  Then 
from  the  equations  of  Art.  ii$h  the  stresses  are  found  to  be:  in  ED  50,000  lbs. 
tension  and  a  like  compression  in  ED' ;  in  EC  a  compression  of  37,000  lbs.  To 
carry  these  stresses  5"  X3J"  angles  will  be  used  with  the  wide  leg  perpendicular 
to  the  plane  of  the  truss.  In  the  other  direction  the  braces  ED  and  ED' 
will  be  stiffened  by  the  auxiliar}'^  dotted  members,  made  of  3i''X3.J"  angles. 

The  specifications  require  sway  bracing  at  each  intermediate  panel.    This 
will  be  made  of  small  angles  as  shown  on  the  stress-sheet. 

The  method  of  attachment  of  the  portal  to  the  posts  here  used,  viz.,  by  riveting  directly  to 
the  web-plates,  is  the  common  one  for  short  span  bridges.  It  brings  the  rivets  on  the  w^indward 
side  into  direct  tension^  which  is  in  general  undesirable;  and  for  long  spans,  where  the  stresses 
become  large,  the  portal  members  should  be  made  of  four  angles  latticed,  or  some  equivalent 
construction,  and  fastened  to  top  plate  and  bottom  angles  of  end  post,  like  the  upper  lateral 
diagonals  in  this  design. 

333.  The  Stress-sheet. — The  sectional  areas  of  all  the  members  have  now  been  determined 
and  the  stress-sheet  can  be  made.  This  sheet  should  show  the  dead-  and  live-load  stresses  in 
each  member,  the  make-up  of  the  members,  the  live  and  dead  loads  used,  the  specifications  under 
which  the  design  is  made,  all  the  general  dimensions — such  as  length  centre  to  centre  of  end 
pins,  number  of  panels  and  length  of  each,  depth  centre  to  centre  of  chords,  width  centre  to  centre 
of  trusses  and  stringers,  the  skew,  if  any,  and  the  alignment  of  the  track  over  the  bridge.  The 
stress- sheet  for  the  span  here  designed  is  shown  in  Fig.  361. 

334.  Design  of  Pins  and  Thickness  of  Pir-plates. — The  determination  of  the  size  of 
pin  to  use  and  the  arrangement  of  the  packing  at  a  joint  are  most  conveniently  made  at  the 
same  time  the  thickness  of  pin  plates  or  bearings  is  determined.  The  pins  will  be  of  medium 
steel,  but  the  unit-bearing  pressure  will  be  that  for  soft  steel,  as  all  members  connected  thereto 
are  of  that  material. 

In  arranging  the  packing  of  the  members  a  certain  clearance  is  necessary  to  allow  of  convenient 
erection.  This  clearance  is  usually  taken  at  ,\y  inch  for  each  eye-bar  and  \  inch  for  each  riveted 
member,  assuming  the  latter  to  have  two  surfaces  in  contact  with  other  members.  This  clear- 
ance implies  that  the  rivets  are  countersunk  and  chipped.  A  greater  clearance  should  be  pro- 
vided if  practicable  and  the  rivets  merely  flattened  or  left  with  full  heads.     (See  Art.  245.) 

Pins  are  designed  with  reference  to  shear,  bearing  pressure,  and  bending  moment.  The  shear, 
however,  rarely  governs  the  size.  The  permissible  bearing  pressure  for  soft  steel  is  22,000  lbs. 
per  square  inch,  ^\•hi!e  the  tensile  stress  for  eye  bars  is  15,000  lbs.  The  bearing  pressures  .will  there- 
fore be  provided  for  if  the  ratio  of  the  diameter  of  the  pin  to  the  width  of  the  widest  eye-bar 
attached  thereto  is  never  less  than  l\,  approximately  5.* 

The  provisi(jn  for  bending  strcs.-c.^  icqui res  the- calculation  of  the  maximum  bending  moments 
in  the  pins.     In  cilculating  thc>e  no- mats  it  is  necessary  to  make  a  preliminary  assumption  of 


*  Many  s;itu  \i  ations  make  this  ratio  }. 
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the  size  of  pins  in  order  to  determine  the  necessary  bearing  areas  for  the  riveted  members. 
The  moments  are  then  calculated  and  the  correct  size  of  pin  determined.  The  bearing  areas  are 
then  corrected,  but  the  necessary  changes  in  widths  of  plates  will  seldom  affect  the  moments  enough 
to  require  recalculation.  As  a  rule  it  is  undesirable  to  use  more  than  two  or  three  different  sizes 
of  pins  in  the  same  structure. 

335.  Joint  B. — ^A  7-inch  pin  will  be  assumed,  as  a  relatively  large  size  is  always  required 
at  this  joint.  Members  BC  and  aB  bear  wholly  against  the  pin,  the  necessary  bearing  area 
being  furnished  by  several  pin-plates.    The  required  bearing  area  for  flfi-=6i5,30o-i-22,ooo- 

28.0  square  inches,  and  for  each  side  the  necessary  thickness-  —  =  2  inches.       For  BC  the 

required  thickness=^^  ^  =a.o8  inches.    The  adopted  arrangement  of  plates  is  shown 

in  Fig.  362,  which  is  a  horizontal  section  throu^  the  joint.     The  web-plates  of  oB  and  BC 
are  shown    hatched;    their  outside    surfaces  are   in  the  same 
plane,  the  distance  back  to  back  of  angles  being  constant  and  ^-^S—^ 

equal  to  17J  inches.  One  plate  each  on  BC  and  aB  extends 
around  the  pin,  forming  a  "hinge-plate."  The  several  pin- 
plates  are  arranged  as  follows; 

Plates  a  and  e  are  made  of  the  same  thickness  as  the  vertical 
legs  of  the  angles  {,\")  in  order  to  act  as  fillers,  plate  /  is  added 
of  mimimum  thickness  (|"),  then  plate  b  thick  enough  to  give 
,^"  clearance  for  the  hinge-plate  c,  which  is  also  made  ^"  thick. 
Plated  is  f"  and  g  is  ,\",  giving  again  ,\"  clearance  for  plate  k. 
The  total  thickness  of  bearing  for  each  member  is  2 ,'»",  which  is 
slightly  more  than  necessary.  This  is  the  least  thickness 
obtainable  with  the  number  of  plates  used,  and  a  less  num- 
ber is  undesirable,  as  the  arrangement  here  shown  brings  the 
rivets  into  double  shear  that  connect  the  angles  to  the  web- 
plates.  The  member  Bb  requires  a  width  of  bearing  of  0.64 
inch  for  each  half;  but  the  plates  on  this  member  are  determined  Fio.  361. 

by  the  requirement  of  section  (24),  that  the  net  section  through 

the  pin-hole  shall  exceed  the  net  section  through  the  body  of  the  member  by  25  per  cent.  This 
requires  13.2  X  1.25  =  16.5  square  inches.  One  f -inch  plate  will  be  used  on  each  side  of  the  out- 
standing legs  of  the  angles  with  a  iV-inch  plate  between  to  act  as  a  filler.  This  gives  a  total  thick- 
ness for  each  side  of  i  ,V  inches,  and  with  a  7-inch  pin  a  total  width  of  I4  inches  gives  the  required 
net  section  (see  Fig,  372,  p.  374).  Making  the  distance  out  to  out  of  angles  of  the  member  Bb 
9I  inches,  the  clearance  for  member  Be  is  calculated  to  be  ^  inch  on  each  side,  as  shown  in  Fig.  362. 

The  distances  centre  to  centre  of  bearings  are  now  calculated  and  shown  conveniently  on  a 
sketch  as  in  Fig.  363.  Fig.  (a)  represents  the  horizontal  components  of  the  forces  acting  at  the 
joint  and  Fig.  (b)  the  vertical  components,  assumed  as  concentrated  at  the  centres  of  bearings 
(section  (36)). 

The  pin  will  receive  its  maximum  bending  moment  when  the  stresses  in  both  .B&  and  Be  are 
large,  but  the  nuMtmum  stresses  in  these  members  do  not  occur  simultaneously.  It  will  be  found, 
however,  that  the  position  of  loads  causing  a  maximum  stress  in  Bb  also  causes  a  stress  in 
Be  not  much  below  its  maximum,  and  therefore  this  position  will  be  taken  as  giving  the  most 
unfavorable  conditions.  For  the  maximum  in  Bb  wheel  4  was  placed  at  b.  This  was  also  the 
position   for  a  maximum  stress  in  oB,  the  value  of  which  is  309,000  lbs.  (live  load  only). 


\ 
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Knowing  the  live-load  stresses  in  Bb  and  a5,  the  simultaneous  stresses  in  Be  and  BC  can  be 
calculated  directly  from  equilibrium  of  the  joint  jB.  The  impact  percentage  to  use  must  evi- 
dently be  the  same  for  all  members  in  this  case,  as  the  pin  must  always  be  in  equilibrium. 
This  percentage  will  be  taken  at  75  per  cent,  which  is  roughly  an  average  between  the  values 
for  Bb,  Be,  and  the  chord  members.  The  components  of  the  stresses  are  given  below  in  the 
most  convenient  arrangement  for  calculation.   • 


Member. 

Vertical  Components. 

Horizontal 

Components. 

Total. 

Live  Load. 

Impact. 

Dead  Load. 

Total. 

aB 
Bb 
Be 
BC 

237,000 

95,000 

142,000 

177,000 

71,000 

106,000 

76,000 
19,000 
57,000 

4Q0,000 

185,000 

305,000 

0 

402,000 

0 
254,000 
656,000 

((t)-k- 


66V 


3 


ijt-8J28-'-^^-h»"> 


4  Horiiontal  Pomps. 


(h) 


M 

II 

-V- 


01 

«5! 


I 


The  vertical  component  of  the  dead-load  stress  in  aB  is  made  equal  to  the  sum  of  those  in  Bb 
and  Be.  This  is  less  than  would  be  obtained  from  the  given  stress  in  aB  on  account  of  the  dead 
load  applied  at  joint  B,  This  discrepancy  is  of  no  practical  consequence.  The  forces  acting  on 
each  side  of  the  centre  of  the  pin  are  one-half  the  above  stresses. 

The  maximum  resultant  bending  moment  may  be  found  by  calculating  the  moments  at  each 
of  the  points  2,  3,  and  4  and  comparing  results.     Experience  will,  however,  usually  enable  the 

point  of  greatest  moment  to  be  determined  by  inspection.  In 
this  case  that  point  is  point  4,  and  only  the  moment  at  this 
point  will  be  calculated.  The  moments  due  to  the  two  sets  of 
components  will  be  separately  found.  The  horizontal  moment  at 
4  is  equal  to  that  at  3,  since  the  resultant  of  the  horizontal 
components  of  BC,  aB,  and  Be  is  a  couple.  This  moment  is 
therefore  equal  to  328,oooX  (.5^^+ 2.28) -201,000X2.28=473,000 
in. -lbs.  The  vcriical  moment  =  245,000  X  (2. 28-f  1.78) —152,500 
X  1.78  =  723x00  in. -lbs.  The  resultant  of  these  moments  = 
V473,ooo--f  723,000*  =  864,000  in.-lbs.  From  the  table  of  mo- 
ments of  resistance  of  pins  in  Appendix  A,  Table  C,  this  is  found  I0  require  a  7 J  inch  pin.  This 
being  the  same  size  as  that  assumed,  no  revision  of  pin-plates  is  necessary. 

In  this  computation  it  has  been  assumed  that  the  pressures  are  concentrated  at  the  centres  of 
bearings,  which  is  an  assumption  on  the  safe  side.  Some  specifications  allow  the  assumption 
to  be  made  that  the  pressures  are  distributed  over  a  width  equal  to  one-half  the  width  of  the 
bearings,  but  this  has  ver}-  little  effect  on  the  computed  moment.  :  '    - 

336.  Joint  C. — The  pin  moment  will  be  a  maximum  when  the  stresses  in  Cd  and  Co  are  a 
maximum,  these  occurring  simultaneously.  The  pressure  of  the  chofd  against  the  pin  is  equal 
to  the  horizontal  component  of  the  stress  in  Cd.    The  components  acting  on  the  pin  are 


« 
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I' 

Fig.  363. 


41     Vertical  Ootnps. 


Member.  Hor.  Comp. 

CD 188,000 

Cd 188,000 

Co o 


Vert.  Comp. 

O 

226,000 

226,000 


A  6-inch  pin  will  be  assumed.     The  necessary  bearing  area  on  CD  on  each  side  =  94,000-^  22,000  = 
4.4  square  inches,  rcquirin*:  a  thickness  of  .74  inch.     The  web-plate  i.=  jj  inch  thick      k  |-inch 
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pin-plate  will  be  used-  For  member  Cc  the  maximutn  stress  is  243,300  lbs.  (including  joint  load 
at  C),  requiring  a  thickness  of  bearing  of  .9  inch  each  side.  The  web  of  a  35-lb.  i5-inch 
channel  is  .43  inch  thick.  There  will  therefore  be  used  a  J-inch  pin-plate  placed  on  the 
inside  of  the  channel. 

The  packing  is  shown  in  Fig.  364.  The  maximum  moment  occurs 
at  the  bearing  of  Cc,  and  is  equal  to  225,000  in.-lbs.  This  requires 
a  pin  only  4I  inches  in  diameter,  but  the  requirements  for  bearing  neces- 
sitate a  diameter  equal  to  ifX7  =  5".  The  actual  size  to  adopt  will 
depend  on  the  required  sizes  at  other  joints,  as  it  is  undesirable  to  use 
many  different  sizes. 

337.  Jtnnt  D. — At  this  joint  the  single  bar  cD  is  placed  at  the  centre 
of  the  pin  and  the  greatest  moment  is  due  to  the  stress  in  this  member. 
This  moment  is,  however,  small  and  the  same  size  pin  will  be  used  here 
as  at  C.  A  |-inch  pin-plate  will  be  used  on  Dd  and  the  same  thickness 
on  the  chord  member. 

338.  Joint  d.^A  6-inch    pin  will  be   assumed.      The   maximum 
.  stress    at    the    lower   end    of   Dd=vtYt.  comp.  Cd^ 226,000 lbs.      To 

furnish  the  necessary  area  a  J-inch  pin-plate  will  be  required,  making  the 

total     thickness    of    bearing    .39"  -|-  J"  =  .89".      The    arrangement    of 

members   giving    the   smallest    moments   is    that   shown    in   Fig.  365. 

The  two  bars  of  member  cd  are  put  adjacent,  being  separated  by  a  i-inch  filling  ring.     Since 

the  stresses  in  de  and  cd  are  nearly  equal  when  either  is  a  maximum,  the  four  bars  a,  b,  c,  and  d 

will  form  practically  two  opposing  couples,  so  that  the  resulting  moment  at  any  point  inside  of 

bar  d  will  be  very  small. 

The  greatest  moment  will  occur  when  the  stress  in  Crf  is  a  maximum.  The  components  of  the 
various  stresses  which  occur  simultaneously  with  this  maximum  are  given  in  Fig.  366,  together 
with  the  distances  centre  to  centre  of  bearings. 


Flo.  364. 


jUO. 


Hi 


Fio.  36s- 


Fta.  366. 


A  clearance  of  g  inch  is  allowed  between  Cd  and  the  post  in  order  to  avoid  unnecessary  coun- 
tersinking of  rivets;  -jV  inch  is  allowed  between  chord-bars.  The  impact  percentage  corre- 
sponding to  that  for  Cd  is  used  for  all  members. 


37<5 


MODERN  FRAMED  STRUCTURES. 


Noting  that  the  forces  acting  at  points  i,  2,  3,  and  4  are  equivalent  to  .a  single  force 
of  94,000  lbs.  applied  midway  between  2  and  3,  the  horizontal  moments  at  6  (and  7) 
=  94,000 X(i.3i  + 1.78+ 1.53+  i.3i)  =  SS7,ooo  in.-lbs.  The  vertical  moment  =  113,000X1.80  = 
203,000  in.-lbs.  Resultant  =  593,000  in.-lbs.  A  pin  6J  inches  in  diameter  is  required.  It  will 
be  observed  that  in  this  case  it  is  unnecessary  to  calculate  the  stresses  in  cd  and  de,  as  only  their 
difference  is  used. 

If  the  chord-bars  be  arranged  in  alternation,  in  the  order  &,  a,  c,  (/,  Fig.  365,  the  moment  for 
a  maximum  in  Cd  will  be  small,  but  that  for  a  maximum  in  dE  will  be  very  large. 

339.  Joint  c, — Assume  a  6-inch  pin.  The  necessary  bearing  area  for  Cc  will  be  made  up 
by  two  pin-plates  on  each  channel,  a  f-inch  plate  on  the  inside  and  a  J-inch  plate  on  the  outside. 
For  be  two  pin-plates  will  be  needed  on  each  half,  which  will  be  i\  inch  and  ^  inch  thick  respec- 
tively, and  both  placed  on  the  outisde.  The  iV^^ch  plate  acts  as  a  filler  and  will  be  11  inchei 
wide,  and  the  i-inch  plate  will  be  17  inches  wide.    The  member  be  must  also  be  examined  with 


Fig.  367. 


.- 4«J4^ ^ 

Fig.  368. 


reference  to  the  net  section  through  the  pin-hole,  which  must  be  25  per  cent  greater  than  the  net 
section  through  the  body  of  the  member.  This  requires  26.6X1.25  =  33.3  square  inches.  Refer- 
ring to  Fig.  371,  it  will  be  seen  that  in  getting  net  section  through  the  pin-hole,  one  rivet-hole  is  to 
be  deducted  from  each  angle  and  two  rivet-holes  from  each  wide  plate.  This  deduction,  with 
that  of  the  pin-hole,  leaves  a  net  area  of  34.3  square  inches  for  the  section  as  made  up. 

The  width  of  the  member  abc  must  now  be  determined.  At  joint  a  it  is  desirable  to  place 
the  hinge-plate  of  the  end  post  inside  and  that  of  the  shoe  outside,  in  order  to  bring  the  webs  of 
the  shoe  a  convenient  distance  apart.  Assuming  two  pin-plates  on  the  outside  of  the  end  post 
of  a  thickness  of  ^  inch  and  f  inch  respectively,  a  |-inch  hinge-plate  on  the  shoe,  and  clearance 
of  \  inch,  the  width  of  abc  back  to  back  of  angles  becomes  just  22  inches.  It  will  be  found  that 
this  width  will  also  give  about  the  proper  clearances  at  joint  c  with  the  members  arranged  as 
shown  in  Fig.  367. 

Calculating  the  bending  moment  in  the  pin  when  the  stress  in  5e:  is  a  maximum,  we  find  it 
to  be  597,000  in.-lbs.,  requiring  a  6}-inch  pin.  This  size  being  larger  than  that  assumed,  the 
net  section  of  be  through  the  pin-hole  must  be  recalculated.  It  is  found  to  be  33.6  square  inches, 
which  is  sufficient. 
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340.  Jaini  a. — For  a  6-inch  pin  the  bearing  on  aB  must  be  2.33  inches  thick  on  each  side. 
The  maximum  pressure  on  the  shoe  is  the  vertical  component  of  the  stress  in  a5,= 490,000  lbs., 
which  requires  a  width  of  1.86  inches  on  each  side.  The  arrangement  of  plates  is  shown  in  Fig.  368. 
On  aB  are  used  a  i^-inch  and  a  f-inch  outside  plate  and  two  J-inch  plates  on  the  inside,  one  being 
a  hinge-plate.  The  shoe  bearing  is  made  up  of  two  f-inch  plates  and  the  f-inch  hinge-plate.  The 
plates  on  ab  will  be  assumed  the  same  as  at  c.  The  bending  moment  on  the  pin  is  found  to  be 
593,000  in. -lbs.,  requiring  a  6  J -inch  pili,  this  being  the  same  as  used  at  c.  The  assumed  arrange- 
ment of  plates  will  be  adopted. 

341.  Joint  b. — ^At  this  joint  it  is  only  necessary  to  provide  a  support  for  member  abc  and  to 
take  care  of  the  wind  stresses.  The  member  Bb  and  the  floor-beam  are  riveted  to  the  top  of 
the  chord  member  and  the  lower  laterals  are  well  connected  thereto  by  means  of  a  large  joint-plate, 
as  shown  in  the  general  drawing  at  the  end  of  the  chapter. 

342.  Adopted  Pin  Sizes. — In  accordance  with  the  calculations  three  sizes  will  be  used, 
a  7 J  inch  pin  at  J5,  6J-inch  pins  at  a,  c,  and  d,  and  5-inch  pins  at  C  and  D, 

343.  Attachment  of  Pin-plates. — The  lengths  of  pin-plates  and  their  attachment  to  the 
members  are  determined  by  the  following  considerations: 

I  St.  Each  plate  must  be  long  enough  to  take  suflScient  rivets  to  transfer  the  stress  in  the  plate 
to  the  main  section. 

The  stress  in  a  pin-plate  may  be  the  accumulated  stresses  in  a  number  of  plates  ontside  of  the  plate 
in  question,  but  which  must  pass  through  this  plate  to  reach  the  main  section.  Where  there  are  a 
number  of  plates  the  stress  per  square  inch  on  the  plates  nearer  the  main  section  increases  slightly, 
hence  it  is  always  better  to  use  the  thicker  plates  nearest  the  main  section. 

It  is  not  sufficient  merely  to  put  the  required  number  of  rivets  through  the  plate,  but  there 
must  also  be  enough  rivets  to  resist  any  bending  moment  due  to  an  eccentric  application  of  the  stress 
with  respect  to  the  centre  of  the  group  of  resisting  rivets.  In  order  to  fulfil  this  requirement  it  is 
often  necessary  to  use  more  rivets  than  the  number  determined  by  dividing  the  bearing  stress  on 
the  plate  by  the  value  of  one  rivet. 

2d.  The  distance  from  the  edge  of  the  pin-hole  to  the  end  of  the  plate  must  always  be  great 
enough    to   oflfer    suflScient    resistance  against  splitting  on  the  hne   AB^ 
Fig.  369,  the  dangerous  section  being  the  one  which  has  the  least  net  area 
or  is  the  most  cut  up  by  rivet-holes. 

The  best  way,  probably,  to  determine  the  distance  C  is  to  consider  the 
plate  as  a  beam  balanced  over  the  centre  of  the  pin  and  acted  upon  by  forces 
each  equal  to  the  value  of  one  rivet  applied  at  the  centres  of  the  rivets. 

It  is-  a  safe  rule  to  make  the  width  of  pin-plate  not  less  than  three-fourths 
of  the  length.     This  question  is  often  overlooked  in  designing,  but  even  as  Fig.  369. 

a  question  of  appearance  only  it  deserves  attention. 

3d.  The  pin-plat(^  must  be  designed  with  particular  reference  to  the  distribution  of  the  concen- 
trated loads  coming  to  them  from  the  pin  over  the  entire  area  of  the  member  without  overstressing 
the  web-plates.  Thus,  in  aB,  the  entire  stress  is  first  received  from  the  pin  on  the  pin-plates  and 
web.  The  top  plate  and  angles  must  receive  their  proportion  of  the  stress  through  the  rivets 
connecting  them  to  the  web-plates,  and  until  this  stress  is  transferred  the  web-plate  alone  would 
not  be  sufficient  to  take  it  without  being  subjected  to  a  greater  stress  than  is  allowed.  The  amount 
of  stress  taken  by  the  top  plates  and  angles  of  aB  is  such  a  proportion  of  the  total  stress  on  aB  as 
the  area  of  the  top  plate  and  angles  is  of  the  total  area.  It  will  readily  be  seen  that  it  is  advan- 
tageous and  econoniical  to  use  as  many  rivets  in  double  shear  as  possible  in  order  to  transfer 
this  stress  in  the  shortest  distance.  For  this  reason  plate  6,  Fig.  370,  is  made  wide  enough 
to  take  the  rivets  through  the  top  angles.    The  shortest  rivet  spaces  allowable  should  always  be 
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used  at  the  ends  of  compression  members  and  continued  until  the  stress  has  had  an  opportunity  to 
distribute  itself  over  the  entire  area  of  the  member. 

344.    Pin- plates  on  Compression  Members. — Member  BC  at  5,  Fig.  370.     The  pin-plates 
are:  a,  J  inch  thick;  &,  ^^  inch  thick;  c,  j\  inch  thick;  and  d,  |  inch  thick.    The  web  is  -^  inch 


Fig.  37a 

thick  and  the  total  thickness  is  2iV  inches  or  ||  inches.    One-half  the  stress  on  5C= 319,000 
lbs.    The  amount  transmitted  to  each  plate  by  the  pin  is  as  follows: 

Plate  a 3i9,oooXA= 55,000  lbs. 

Plate  b 319,000X^=82,000    " 

Plate  c 319,000X^=64,000    " 

Plate  d. 319,000X3^=  SSjOoo    " 

Web 319,000X3^=64,000    " 

Total 320,000  lbs. 

These  stresses  must  be  so  transmitted  to  the  main  member  that  it  may  safely  be  assumed  that 
the  stresses  at  the  section  pq^  beyond  the  last  pin-plate,  are  uniformly  distributed  over  the 
section.  The  stresses  at  this  point  in  the  various  parts  of  the  main  member,  on  this  assumption, 
are  as  follows: 

Area.  Stress. 

One-half  of  top  plate 5.47  74,000 

Top  angle 2.87  39,000 

Web 8.75  119,000 

Bottom  angle 2 .87  39,000 

Flat 3-50  48,000 

Totals 23-46  319,000 


Now  the  chief  feature  of  the  design  is  to  transmit  from  the  pin-plates  to  the  vertical  leg 
of  the  top  angle  the  stress  of  74,000+39,000  lbs.,  =  113,000  lbs.,  carried^by  the  half  top  plate 
and  top  angle,  and  to  the  vertical  leg  of  the  bottom  angle  the  87,000  lbs.  carried  by  the  bottom 
angle  and  flat.  There  must  also  be  transmitted  from  the  pin-plates  to  the  web-plate  an  amount 
equal  to  the  difference  between  the  stress  given  over  to  the  web  directly  by  the  pin  and  the 
stress  in  the  web  at  section  />g,  =  119,000— 64,000  =  55,000  lbs.  The  rivets  through  the  vertical 
leg  of  the  top  angle,  between  the  pin  and  section  pq^  are  partly  in  double  shear  and  partly  in  single 
shear.  The  value  of  the  former  rivets  will  be  determined  by  their  bearing  value  on  the  ^Vinch 
angle,  =  8430  lbs.  The  number  of  rivets  required  to  transmit  1 13,000  lbs.  in  single  shear  =  1 13,000 -^ 
6610=  17,  and  the  number  in  bearing  =  113,000-^8430=  14.  The  sketch  shows  11  rivets  in  double 
shear  or  **  bearing  "  and  4  in  single  shear,  giving  a  total  strength  of  119,000  lbs.    The  4  rivets  in 
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single  shear  beyond  plate  b  do  not  pass  through  a  pin-plate,  but  the  stress  transmitted  to  them 
Irom  plate  c  comes  indirectly  through  the  web-plate  as  a  shearing  stress  between  the  rivet-lines  / 
and  m.  This  shearing  stress  the  web-plate  is  easily  able  to  carry.  The  four  rivets  between  the 
ends  of  plates  b  and  d  may  be  considered  in  double  shear  by  reason  of  a  certain  amount  of  stress 
transmitted  indirectly  through  the  web-plate  in  a  similar  manner. 

To  transmit  87,000  lbs.  to  the  lower  angle  there  are  provided  9  rivets  in  double  shear  and  4 
in  single  shear,  which  is  a  sufficient  number. 

To  estimate  the  lengths  of  the  several  pin-plates  we  may  assume  that  the  amount  of  stress 
transmitted  from  each  plate  to  the  top  or  bottom  angle  is  proportional  to  the  thickness  of  the  plate. 
Accordingly,  of  the  113,000  lbs.  transmitted  to  the  top  angle,  plate  a  will  carry  24,000  lbs.,  plate  b 
37,000  lbs.,  plate  c  28,000  lbs.,  and  plate  d  24,000  lbs.  The  lengths  of  plates  shown  in  the  sketch 
are  sufficient  to  accomplish  this  purpose,  for  plate  a  has  5  rivets  in  single  shear,  giving  a  strength 
of  33,000  lbs.,  plates  a  and  d  together  have  5  rivets  in  double  shear  and  2  in  single  shear,  giving 
a  strength  of  5  X843o-h  2  X 6610  =  55,000  lbs.,  and  plates  a,  J,  and  b  together  have  7  rivets  in  double 
shear  and  4  in  single  shear,  giving  a  strength  of  7X8430+4X6610=85,000  lbs.  A  similar  calcu- 
lation for  the  lower  angle  will  show  that  the  arrangement  assumed  has  sufficient  strength.  It 
will  also  be  seen  that  the  design  of  the  rivets  iii  the  lower  angle  really  determines  the  length  of 
plates  a  and  d.  In  the  calculations  here  given  for  the  lengths  of  the  plates  we  have  neglected  the 
indirect  transmission  of  stress  through  the  web-plate  whereby  all  rivets  except  those  beyonJ  plate 
b  are  brought  in  double  shear. 

It  now  remains  to  put  in  sufficient  rivel>i  through  the  pin-plates  and  web  to  transmit  to  the 
latter  the  stress  of  55,000  lbs.,  besides  the  stress  transmitted  indirectly  through  it  to  the  angles. 
This  requires  only  2  or  3  rivets  in  each  plate,  but  the  number  used  is  considerably  in  excess  of 
this.  In  plate  c  the  four  rivets  in  the  row  /  and  the  four  in  the  lower  row  must  not  be  counted  on 
for  this  purpose,  as  they  are  needed  to  transmit  the  stress  to  the  web  that  is  given  over  to  the  angles. 
If  no  error  has  been  made  the  total  number  of  rivets  in  each  plate  will  now  be  found  sufficient  to 
transmit  the  several  stresses  given  in  the  first  table  at  the  beginning  of  this  article. 

Other  Compression  Members. — ^The  plates  on  member  aB  are  calculated  in  a  similar  way 
to  that  explained  for  BC.    The  student  should  check  the  design  as  made. 

The  pin-plates  on  the  top  chord  member  at  C  and  D  need  no  discussion.  The  number  of 
rivets  used  is  considerably  in  excess  of  the  number  actually  required. 

The  riveting  of  the  plates  on  the  posts  Cc  and  Dd  is  also  a  simple  problem  and  requires  little 
discussion.  The  stress  is  assumed  to  be  distributed  to  the  plates  in  proportion  to  their  thick- 
ness. Section  (62)  of  the  specifications  requires  one  pin-plate  at  least  to  extend  not  less  than 
6  inches  beyond  the  edge  of  the  tie-plate.  This  applies  in  this  design  to  the  upper  ends  of  the 
intermediate  posts,  to  the  end  post,  and  to  the  member  BC  at  B. 

345.    Pin-plates   on  Tension  Members. — Fig.    371    shows   the  end   detail   of   member   abc. 
The  stress  in  half  of  the  member  =197,000  lbs.    The  pin  is  6 J  inches  in  diameter.    Plate  a  is 
I  inch  and  plate  b  ^\  inch  thick.    The  net  area  through  the  pin- 
hole as  previously  found  is  16.8  square  inches  for  each  half.  ',' 

In  proportion   to   the   thicknesses   of  the   several  plates  the 
amount  of  load  transmitted  by  the  pin  to  each  one  is: 

Jl laxe  o.  •••  ..•••........•....    00,000  IDS* 

Plate  b 57,000    !* 

Web-plate 74j000 
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But  if  each  part  is  stressed  proportionately  on  the  section  through  the  pin-hole,  the  stress  on  each 
part  is : 

Net  Area. 

Top  angle 2.4  sq.  ins. 

Plate  a 4.4 

Plate  b 2.1 

Web-plate 5.5 

Bottom  angle 2.4 


It 


u 


« 


<l 


Stress. 

28,000  lbs. 

52,000  " 
25,000 
64,000 
28,000  " 


Totals 16.8  sq.  ins. 


197,000  lbs. 


It  is  evident  that  the  various  differences  in  the  stresses  given  in  these  two  tables  for  the  same 
members  must  be  adjusted  by  the  rivets  on  the  righl  of  the  pin-hole.  There  must  evidently  be 
28,000  lbs.  transmitted  into  each  angle.  This  requires  28,000-^8430=3.3  rivets;  or,  to  provide 
an  excess  of  25  per  cent  strength  on  the  section  through  the  pin-hole,  the  number  of  rivets  should 
also  be  increased  by  25  per  cent,  making  5  rivets,  the  number  used.  This  stress  of  28,000  lbs. 
comes  partly  from  plate  a  and  partly  from  the  web,  each  of  which  has  an  excess  of  load  delivered 
to  it  above  what  it  can  carrj'  back  past  the  pin-hole.  Plate  b  has  also  an  excess  of  57,000—  25,000= 
32,000  lbs.,  which  must  be  transmitted  to  the  web  and  to  plate  a,  requiring  (32,000-^-  8430)  X  1.25  =  5 
rivets.    There  are  10  used  on  the  right  of  the  pin-hole. 

On  the  left  of  the  hole  the  stresses  given  in  the  second  list  for  plates  a  and  b  must  be  trans- 
mitted to  the  web-plate.  This  requires  in  single  shear  52,000-^-6610  =  7.9  for  plate  a  and 
77,000-5-6610=11.7  for  plates  a  and  b  together.  Increasing  these  by  25  per  cent  gives  10  and  15 
respectively.  There  are  used  15  for  a  and  16  for  both  a  and  b.  A  single  rivet  is  used  in  the  last 
vertical  row  in  order  to  make  the  effective  section  of  the  member  as  great  as  possible. 

The  net  section  on  line  rs  must  be  75  per  cent  of  the  net  section  through  the  pin-hole,  =  . 75  X 
16.8  =  12.6  square  inches.  Making  the  distance  from  pin  centre  to  end  of  member  equal  to  15 
inches,  the  net  length  on  line  rs  is  9I  inches,  giving  a  sectional  area  of  14.8  square  inches. 

The  End  Suspender  Bb. — The  pin-plates  consist  of.  two  f-inch  plates,  one  on  each  side  of 
the  angle  legs,  and  a  y'^-inch  filler  plate.     4^11  are  14  inches  wide,  and  the  net 
section   through  the  pin-hole  is  16.8  square  inches,  which  is  about  25  per  cent 
more  than  the  net  section  in  the  body  of  the  member.    The  stress  carried  by 
each  half  is  97,000  lbs.,  of  which  the  filler  plate  gets  36,000  lbs.    To  transmit 
this  stress  to  the  other  plates  below  the  pin-hole  requires  36,000-^8430  =  4.3  rivets. 
Increasing  this  by  25  per  cent  gives  6  as  the  desired  number.     Eight  are  used. 
The  two  rivets  near  the  top  have  no  definite  stress.    Notice  that  in  this  case  the 
proportionate  net  areas  of  the  three  plates  through  the  pin-hole  are  the  same  as 
their  proportionate  bearing  areas,  and  hence  no  rivets  ar6  required  above  the 
pin-hole  to  equalize  the  stresses.     To  attach  the  plates  to  the  angles  requires 
97,oooH-843o=i2  rivets.    Eight  will  be  used  on  each  side.    The  length  of  the 
member  beyond  the  pin-hole  is  made  5  J  inches,  which  complies  with  section  (24). 
345a.  The    End    Shoe. — The  general  arrangement  of  shoe  and  end  floor-beam  at  the 
expansion  end  is  shown  in  Fig.  373.    The  beam  rests  on  the  base-plate  of  the  shoe,  the  load  being 
well  distributed  over  the  ^shoe  in  a  plane  at  right  angles  to  the  beam  by  a  bearing  plate  a  riveted 
to  the  end  of  the  beam.    The  maximum  total  load  on  the  rollers  will  be  the  maximum  end  reac- 
tion, considering  the  truss  as  a  girder  175  feet  long.    This  requires  wheel  2  to  be  placed  at  the 
end  and  gives  a  value  of  293,000  lbs.  live-load  reaction,  or  478,000  lbs.,  including  impact.    The 
dead-load  reaction  is  one-half  the  total  weight  of  one  truss  =  100,000  lbs.    Total  reaction =578,000 
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lbs.  Four-inch  rollers  will  be  used,  for  which  the  working  pressure  is  1 200^/4 ■=  2400  lbs.  i>er 
lineal  inch.  Total  length  of  rollers  required  =  578,ooo-^24oo— 241  lineal  inches.  The  neces- 
sary area  of  bearing  on  the  masonry  =  S78,ooo-5-4oo  =  i44S  square  inches.  Seven  rollers  will 
be  used,  4  feet  bng,  resting  upon  a  bed- plate  made  of  T  raib.  This  form  of  bearing  is  advan- 
tageous because  of  its  rigidity  and  because  it  is  unlikely  to  become  clogged  with  dirt.  The  net 
length  of  bearing  for  each  roller  is  about  39  inches,  making  a  total  length  of  273  inches,  about  13 
per  cent  more  than  calculated  above.  The  web-plates  of  the  shoe  and  the  beam  are  so  placed 
on  the  base-plate  of  the  shoe  that  the  centre  of  gravity  of  the  loads  from  end  post  and  beam  is  very 
nearly  over  the  centre  of  the  rollers  when  the  load  on  the  shoe  is  a  maximum.  But  at  most  other 
times  the  centre  of  pressure  is  to  the  left  of  the  centre  of  the  rollers.  Thus  when  a  train  is  in  the 
position  with  wheel  i  or  2  at  joint  b,  the  load  on  the  end  post  is  nearly  its  maximum,  but  the  load 
on  the  end  beam  is  very  small.  The  pressure  on  the  rollers  is  then  not  uniform,  and  to  keep  the 
maximum  pressure  within  the  specified  Umit  requires  an  excess  of  bearing  of  about  the  amount 


,      F'G-  373- 
used.     The  student  should  calculate  the  maximum  pressure   on   the  rollers  with   wheel   2   at 
joint  b,  assuming  the  centre  of  floor-beam  bearing  about  an  inch  inside  of  the  end  plate  a  and 
that  the  pressure  on  the  rollers  is  uniformly  varying. 

The  web-plates  of  the  shoe  are  planed  to  fit  on  the  base-plate  and  are  riveted  to  6"X6"x3" 
angles,  which  assist  in  distributing  the  pressure  on  the  rollers. 

34Sb.  Minor  Details. — In  accordance  with  the  specifications,  sections  (60)  and  (61),  the 
tie-plates  for  the  upper  chord  and  end  post  at  a  and  B  will  be  made  25"XtV";  at  other  joints 
they  will"  be  made  only  18  inches  long,  as  the  chords  are  really  continuous  at  these  points.  Tie- 
plates  on  posts  will  be  made  i$"Xl".  Latticing  on  the  top  chord  and  end  post  will  be  double 
and  made  of  2i"Xi"  bars,  their  length  being  about  30  inches.  The  latticir^on  the  posts  will  be 
2i"x  1^"  for  post  Cc  and  2\"x  ,*s"  for  post  Dd,  using  ^-inch  rivets  in  the  latter.  On  member 
abc,  tie-plates  about  i5"X|"  will  be  used  and  latticing  2i"Xf". 

Diaphragms  are  riveted  between  the  two  channels  of  each  of  the  posts  of  a  length  equal  to 
that  of  the  floor-beam  connection.  Their  duty  is  to  transfer  one-half  of  the  floor-beam  load  to 
the  outside  channel. 

The  details  of  lateral  connections  are  clearly  shown  on  the  general  drawing.  All  members 
must  be  adequately  spliced  at  intersections,      The  lower  laterals  are  attached  to  the  stringcri, 
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where  they  pass  below  them,  by  means  of  short  pieces  of  angles.  The  allachment  of  lower  laterals 
to  floor-beams  and  posts  should  be  thoroughly  efBcient.  The  beams  receive  the  transverse  compo- 
nents of  the  lateral  stresses  and  the  posts  the  longitudinal  components,  transferring  these  to  the  chord 
members.  To  avoid  unnecessary  bending  moment  in  the  floor-beams  the  gravity  lines  of  the 
laterals  should  intersect  as  near  the  axis  of  the  truss  as  possible  without  making  tiie  riveting 
eccentric. 

345c.  Riveted  Trusses. — The  design  of  the  main  members  of  a  riveted  truss  differs  from  that 
of  a  pin-connected  truss  chiefly  in  the  use  of  plates  and  shapes  instead  of  eye-bars  for  all  tension 
members.  AH  diagonab  are  usually  made  of  a  form  capable  of  resisting  compression  as  well 
as  tension,  so  that  counters  are  not  needed. 

Figs-  374,  375,  and  376  show  typical  dctaib  and  sections  of  a  riveted  truss,  in  this  case  a 


O 


Fic.  374-  rifi.  375. 

through  bridge.     The  upper  chord  is  made  of  the  same  form  as  used  for  pin-connected  trusses 
and  is  the  form  commonly  employed-    The  vertical  web  members  arc  here  made  of  four  angles 


and  a  web-plate,  and  the  diagonals  are  composed  of  two  channels.    A  common  form  used  for 
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diagonals  is  four  angles,  as  used  here  in  the  verticals.  The  lower  chord  is  here  madje  of  two 
channels  with  flanges  turned  inwards,  which  arrangement  enables  the  floor-beam  connection  to 
be  very  neatly  made,  as  shown  at  the  right  in  Fig.  376.  The  box  section  is  also  often  used  for  lower 
chords,  and  also  a  section  made  up  of  four  angles  and  a  plate  as  used  here  in  the  verticals.  Such 
a  form  can  readily  be  increased  in  section  by  riveting  extra  plates  on  the  vertical  legs  of  the  angle. 
Fijj.  375  shows  the  end  joint  designed  to  fit  into  a  shoe  of  a  form  similar  to  that  used  in  the 
design  of  this  chapter.  Another  common  way  of  arranging  this  joint  is  to  cut  off  the  end  post  and 
joint -plate  flush  with  the  lower  edge  of  the  lower  chord  and  to  support  the  truss  upon  a  casting 
suitably  ribbed  to  fit  into  the  shoe  below. 

The  gusset-plates  must  be  carefully  designed  with  reference  to  the  stresses  they  transmit  and 
all  connecting  members  arranged  so  that  their  gravity  lines  meet  in  a  point.  Each  group  of  rivets 
connecting  a  member  should  be  arranged  as  syinmetrically  as  possible  about  such  gravity  line. 
In  the  figures  it  will  be  seen  that  in  each  tension  member  the  connecting  rivets  are  so  arranged 
as  to  reduce  the  gross  section  by  only  two  rivet-holes  in  each  half,  although  four  lines  of  rivets  are 

used. 

Riveted  bridges  are  often  made  pony  or  half  through  bridges,  the  upper  laterals  being  omitted. 
Such  trusses  are  made  relatively  shallow  in  order  to  give  as  great  lateral  stability  as  possible.  The 
form  of  members  that  may  be  used  is  the  same  as  already  described.  In  this  case,  however,  the 
sectional  areas  of  the  chord  members  are  likely  to  be  quite  large  and  require  built-up  members 
rather  than  shapes.  To  brace  each  truss  as  much  as- possible  large  gusset-plates  or  angle  bracing 
are  extended  from  the  floor-beam  to  the  vertical  member  at  or  near  the  upper  chord,  as  donQ  in 
the  through  plate  girder,  Fig.  313,  p.  318. 
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CHAPTER  XXII. 


HIGHWAY    BRIDGES. 


346.  Definition  and  General  Remarks. — Under  this  general  classification  of  highway 
bridges  is  included  all  bridges  used  for  roadway  purposes  alone.  The  factors  which  control 
the  design  of  this  class  of  bridges  are  very  different  from  those  affecting  the  design  of  a  rail- 
way structure  and  make  it  well-nigh  impossible  to  treat  of  the  highway  bridge  in  general,  as 
each  structure  usually  presents  a  different  problem.  The  probable  maximum  live  loads  in 
quantity,  kind,  and  frequency  of  application,  the  expert  attention  which  the  bridge  will  re- 
ceive, the  ability  of  the  community  to  pay  for  a  bridge  of  a  capacity  beyond  their  present  needs, 
and,  in  some  cases,  the  appearance  of  the  bridge  when  completed  are  some  of  the  factors 
which  enter  into  the  problem  and  which  the  engineer  must  consider.  Usually  the  lightest 
structure  consistent  with  absolute  safety  and  one  which  will  require  little  or  no  expert  atten- 
tion is  required.  The  economical  design  of  the  trusses  and  of  the  details  of  construction 
result  in  a  larger  percentage  of  saving  in  a  highway  than  they  do  in  a  railway  span  and  are 
therefore  of  supreme  importance.  Where  the  light  live  loads  and  consequently  light  trusses 
of  the  usual  highway  bridge  are  taken  into  consideration  it  will  be  seen  that  for  maximum 
economy  of  material  close,  careful,  and  intelligent  designing  is  necessary.  It  is  claimed  to 
the  credit  of  those  engineers  who  have  made  this  branch  of  bridge  designing  a  specialty  that 
the  highway  bridges  of  this  country  show  more  commendable  economy  of  design  than  do  thf 
railway  structures.  It  is  a  fact  that  our  highway  bridges  are  our  only  bridges  on  which  much 
effort  has  been  spent  to  make  the  design  neat  and  pleasing  in  outline. 

347.  Live  Loads. — The  live  loads  which  may  come  upon  a  highway  bridge  are  a  crowd 
of  people,  the  maximum  weight  resulting  from  a  closely  packed  throng  being  85  lbs.  per 
square  foot,  and  any  concentrated  load  due  to  the  passage  of  a  heavy  wagon  or  other  vehicle 
over  the  bridge.  In  estimating  the  live  load  resulting  from  a  crowd  of  people  the  probability 
and  also  the  possibility  of  a  closely  packed  crowd  covering  all  or  part  of  the  span  must  be 
taken  into  account.  A  good  rule  is  to  assume  a  live  load  from  this  cause  of  100  lbs.  per 
square  foot  for  spans  of  100  feet  and  under,  and  50  lbs.  per  square  foot  for  all  spans  over  250 
feet,  and  to  reduce  the  weight  per  square  foot  uniformly  from  100  to  50  lbs.  as  the  span  varies 
from  100  feet  to  250  feet.  Consistency  would  require  that  the  partial  loads  of  the  longer  spans 
be  increased  as  the  length  of  the  load  decreases  in  the  above  ratio.  The  above  specification 
would  be  for  bridges  subjected  to  city  traffic,  and  the  upper  limit  of  100  lbs.  for  a  span  of  lOD 
feet  may  be  reduced  for  bridges  in  localities  where  there  is  no  probability  of  such  dense 
crowds.  The  width  of  the  bridge  determines  to  some  extent  the  probability  of  there  being 
such  a  weight  of  people  on  it. 

The  concentrated  loads  are  estimated  for  the  special  locality  and  should  always  include 
probable  heavy  loads  which  the  development  of  the  adjacent  territory  may  make  necessary. 
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There  is,  however,  a  great  waste  of  material  in  bridges  now  due  to  the  specification  of  heavy 
and  improbable,  if  not  impossible,  loads. 

348.  Dead  Loads. — ^The  fixed  or  dead  load  for  a  highway  span  consists  of  the  weight  of 
the  iron  in  the  span  and  of  the  floor  and  guards.  Owing  to  the  great  variety  of  floors  used 
and  the  differing  specifications  as  to  unit  stresses  and  details,  no  general  rule  easy  of  applica- 
tion has  yet  been  formulated  for  the  weight  of  iron  in  highway  bridge  spans  under  the  various 
conditions  and  specificationa  For  the  ordinary  truss  span  with  iron  trusses,  bracing,  and 
floor-beams  and  with  stringers  or  floor  joists  of  wood  the  weight  of  iron  per  foot  of  span  with 
a  live  load  capacity  of  1200  lbs.  per  linear  foot  is  closely  approximated  by  the  formula 

where  w  s  weight  of  iron  per  linear  foot,  and  /  =  the  length  of  the  span.    This  weight  does 

not  include  the  handrails.  Each  line  of  handrail  weighs  usually  about  25  lbs.  per  linear  foot. 
The  weight  of  the  joists  and  flooring  can  be  determined  readily  from  the  sizes  used.  This 
formula  may  be  used  to  approximate  the  weight  of  iron  in  spans  of  a  capacity  greater  than 
1200  lbs.  per  foot  by  increasing  the  weight  per  foot  in  the  same  ratio  as  the  capacity  is 
increased,  assuming  the  floor  to  be  as  before,  plank  laid  on  wooden  stringers  or  joists. 

349.  The  Various  Styles  of  Floors  Used  are  as  follows : 
1st.  Plank  in  one  or  two  layers  on  wooden  joists. 

2d.  Plank  laid  on  iron  joists  and  a  wearing  surface  of  wooden  blocks  used* 
3d.  Iron  joists  covered  with  corrugated  iron  or  buckle  plate  on  which  is  laid  a  bed  of 
concrete  to  receive  the  wearing  floor  of  asphalt,  granite  block,  or  vitrified  brick. 

The  joists  in  the  first  and  second  cases  are  spaced  from  two  to  three  feet  apart,  depending 
upon  the  thickness  of  the  plank  flooring  and  the  concentrated  loads  which  may  come  upon 
the  bridge.  For  the  third  style  of  floor  the  joists  are  spaced  as  far  apart  as  the  strength  of 
the  corrugated  iron  or  buckle  plate  flooring  will  permit.  The  standard  size  of  buckle  plates 
and  the  capacity  per  square  foot  for  different  thicknesses  may  be  obtained  from  the  manufac- 
turers on  request.  The  joists  for  this  style  are  usually  spaced  three  feet  or  n^re  centre  to 
centre.  ) 

350.  Iron  Handrails  or  Fences. — The  ordinary  height  for  iron  handrailings  is  3  feet 
9  inches  from  the  floor  level  to  the  top  of  the  handrail  They  should  be  stiff  enough  to 
resist  any  probable  force  which  would  tend  to  bend  them  out  of  line  or  knock  them  down. 
Nearly  all  the  standard  handrailings  used  on  bridges  will  fulfil  this  requirement  if  braced  at  dis- 
tances apart  of  about  8  feet.  The  lattice  work  should  be  made  so  that  the  openings  in  the 
fence  are  not  over  6  inches  square  for  the  lower  half  of  the  fence,  and  the  bottom  rail  should 
be  within  6  inches  of  the  floor  line. 

351.  The  Allowed  Unit  Stresses  for  Highway  Bridges  are  usually  25  per  cent 
higher  than  those  allowed  in  railroad  structures.  The  maximum  load  for  which  this  kind  of 
a  bridge  is  designed  is  usually  rarely  applied,  and  even  then  its  impact  is  not  as  destructive  as 

'  that  of  a  moving  train.  Wherever  the  stresses  from  the  assumed  loads  on  a  highway  bridge 
are  liable  to  occur  frequently  and  where  the  impact  is  appreciable,  as  in  the  case  of  street  cars 
for  example,  there  is  no  reason  why  the  allowed  stresses  should  differ  from  those  sanctioned 
by  railroad  engineers. 

352.  The  Details  of  Highway  Bridges  should  be  designed  with  the  same  care  and 
with  more  attention  paid  to  the  non-eccentric  connection  of  the  several  members  meeting  at 
a  joint  than  would  be  given  to  the  design  of  railway  bridge  details.  The  members  of  the 
truss  are  usually  smaller  and  the  margin  of  safety,  due  to  the  use  of  higher  unit  stresses,  is 
less,  so  that  the  secondary  stresses  caused  by  eccentric  connections  have  a  more  destruc 
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tive  effect  than  they  do  for  a  railway  bridge.  As  the  details  and  "  non-effective"  material 
such  as  tie  plates  and  lattice  bars  are  quite  a  large  percentage  of  the  material  in  a  span,  it 
is  commendable  economy  to  design  very  close  to  the  required  limits.  On  page  291  the 
customary  sizes  of  lattice  bars  and  the  spacing  of  the  same  are  given. 

353.  The  General  Dimensions  to  be  given  to  a  highway  bridge  are  usually  determined 
by  local  conditions.  The  width  of  roadway  is  usually  made  a  multiple  of  8  feet  for  each  car- 
riageway. The  width  of  the  roadway  and  sidewalks  to  be  provided  depends  upon  the  traffic, 
as  it  is  desirable  to  make  them  wide  enough  to  prevent  continual  crowding  during  those  hours 
of  the  day  when  the  traffic  is  the  greatest.  The  sidewalk  is  not  often  made  less  than  4  feet 
wide,  or  the  roadway  less  than  12  feet.  Wheel  guards  must  be  placed  dn  the  floor  on  each 
side  of  the  roadway  and  so  located  that  when  the  wheel  of  a  vehicle  is  running  close  against 
it  the  hub  or  any  part  of  the  vehicle  will  not  strike  the  iron  work  of  the  trusses.  This  is 
generally  accomplished  when  the  guard  is  made  6  inches  wide. 

The  overhead  clearance  or  the  distance  from  the  top  of  the  floor  to  the  under  side  of  the 
top  lateral  bracing  for  through  bridges  should  be  14  feet  or  over  to  allow  high  loads  to  pass 
through.  A  farmer's  load  of  hay  will  pass  through  the  ordinary  bam  door,  which  is  12  feet 
high  in  the  clear. 

354.  The  Panel  Length  of  a  highway  bridge  in  which  wooden  joists  are  used  is 
limited  to  20  feet  or  less,  depending  on  the  maximum  concentrated  load  which  the  joist  has 
to  carry  and  the  size  of  joist  obtainable.  Joists  14  inches  high  are  common  sizes  and  are 
cheaper  than  those  of  greater  depth,  so  that  ordinarily  the  length  of  panel  is  limited  to  tha^ 
which  is  the  maximum  span  over  which  this  size  will  carry  the  load.  For  bridges  with  iron 
joists  the  panel  length  can  be  varied  to  obtain  the  maximum  economy  in  iron  alone.  Where 
the  joists  are  supported  on  the  top  flange  of  the  floor-beam,  as  is  usual,  the  size  of  joist  to  use 
may  be  determined  by  the  permissible  fibre  stress  alone.  If  the  joists  are  iron  and  placed 
between  the  beams,  like  the  stringers  of  the  span  designed  in  Chapter  XXI,  they  should  not 
be  less  than  one  fifteenth  of  the  span,  owing  to  the  excessive  deflection  of  shallower  joists 
loosening  the  rivets  in  the  connection  between  the  joist  and  the  floor-beam. 

355.  The  Kind  of  Construction  usually  employed  in  highway  bridge  construction  is 
I  beams  or  plate  girders  for  spans  under  30  feet  and  riveted  or  pin-connected  trusses  for 
longer  spans.  The  "  low  "  truss  or  half  through  bridge  is  employed  for  spans  of  70  feet  and 
under.  Where,  however,  a  deck  bridge  can  be  used  it  is  always  preferred  to  the  through,  as  it 
leaves  the  deck  or  floor  unobstructed. 

356.  The  Design  of  a  Highway  Span. — The  length  centre  to  centre  of  end  pins  will 
be  105  feet,  the  panel  length  15  feet,  and  the  depth  20  feet.  The  roadway  will  be  16  feet 
wide  and  the  two  sidewalks  5  feet  wide  in  the  clear.  The  live  load  will  be  assumed  at  2400 
lbs.  per  linear  foot  of  bridge.  A  concentrated  load  of  10,000  lbs.  on  two  axles  6  feet  apart 
will  also  be  provided  for.     The  allowed  unit  stresses  will  be  as  follows: 

Wrought-iron  in  tension,  12,000  lbs.  per  square  inch. 

Steel  in  tension,  15,000  "      "        "         « 

«,»«••                  .       10,000  ,,  .    . 

Wrought-iron  in  compression, rr  lbs.  per  square  tndiy 

where  /=  length  of  member  in  inches,  g  =  least  radius  of  gjrration  of  the  mem- 
ber in  inches,  and  a  =  36,000  for  two  flat  ends,  24,000  for  one  pin  and  one  flat 
end,  and  18,000  for  two  pin  ends. 
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The  extreme  fibre  stress  on  steel  pins,  22,500  lbs.  per  square  inch. 
The  bearing  stress  on  pins  and  rivets,  15,000  " 
The  shearing  stress  on  pins  and  rivets,  9,000  " 
The  extreme  fibre  stress  on  yellow  pine  or  white  oak,  1200  lbs.  per  square  inch. 
For  stresses  in  the  lateral  system  increase  the  above  50  per  cent. 

357.  The  Design  of  the  Floor. — The  roadway  floor  will  be  assumed  to  be  three-inch 
white  oak  plank  laid  on  yellow  pine  joists.  The  three-inch  plank  will  be  laid  transversely,  and 
one  plank  10  inches  wide  will  carry  one  wheel  of  the  concentrated  load  30  inches  without 
exceeding  the  allowed  fibre  stress  on  white  oak.  Eight  joists  will  be  used,  spaced  16  -i-  7  = 
2.29  feet  or  2  feet  3  inches  apart  centre  to  centre.  The  joists  will  be  figured  to  carry 
a  live  load  of  either  100  lbs.  per  square  foot  or  the  concentrated  load  specified.  Each  joist 
will  have  to  carry  one  quarter  of  the  total  weight  of  the  concentrated  load,  as  the  floor  plank 
are  stiff  enough  to  distribute  the  total  load  over  four  joists.  The  dead  load  on  each  joist  is 
12  lbs.  per  square  foot  for  the  floor  plank,  and  one  half  of  this  or  6  lbs.  per  square  foot  will  be 

assumed  for  the  joist.     The  dead  load  centre  moment  on  the  joist  is  then  — — 5 

^  I3>670  iiL-lbs.      The  centre  moment  from  the  100  lbs.  per  square  foot  live  load  is 

2j  X  100  X  15  X  180        ^^  •      lu        -ru  4.   f  4rU  4.     4.  ^  1- 

— Q — =  75»940  in.-Ibs.     The  maximum  moment  from  the  concentrated  live 

load  is  1000  X  72*  =  72,000  in.-lbs.  The  100  lbs.  per  square  foot  live  load  produces  the 
greater  bending  moment.  The  total  maximum  bending  moment,  dead  and  live,  is  89,610  in.- 
lbs.,  requiring  a  joist  3''  X  13".  The  joists  are  usually  sawed  to  dimensions  in  even  inches, 
and  the  width  for  the  roadway  joist  should  never  be  less  than  three  inches.  The  weight  of 
the  timber  in  the  roadway  floor,  assuming  the  weight  of  the  timber  to  be  4  lbs.  per  foot,  board 
measure,  is  as  follows  : 

Floor  plank 3"  X  12"- 

Joists eight  3''  X  1 3"- 

Wheel  guards two  6"  X    6''- 

Hub  guards two  3"  X    8"- 

Or  a  total  of  336  lbs.  per  linear  foot  of  bridge. 

The  sidewalk  floor  will  be  two-inch  plank  laid  on  three  joists  for  each  walk.    The  .live 

load  will  be  taken  at  80  lbs.  per  square  foot.     The  dead  load  on  the  joists  is  8  lbs.  per 

square  foot  for  the  floor  plank  and  4  lbs.  per  square  foot  assumed  for  the  joist.    The  maxi« 

2^  X  02  X  I  *>  X  1 80 
mum  bending  moment,  dead  and  live,  on  the  joist  is  — — — ^ =  Jjfioo  xnAhs.^ 

o 

requiring  a  joist  2^  X  12  inches.  The  weight  of  the  timber  in  the  sidewalk  floors  is  164  lbs. 
per  linear  foot  of  bridge.  The  sidewalk  floor  plank  are  usually  extended  to  close  the  open- 
ings between  the  roadway  and  sidewalks  made  by  the  trusses. 

358.  The  Design  of  the  Floor-beam.— The  dead  and  hve  loads  on  the  beam  are  as 
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shown  in  Fig.  377.     The  maximum  bending  moment  occurs  at  the  middle  of  the  beam  where 

•       *  See  Art.  91.     For  two  equal  loads,  placed  a  fixed  disiancc  f/ apart,  the  maximum   moment  is  one  fourth  d 
from  the  centre  and  under  one  of  the  loads,  the  other  load  being  three  fourths  r/ on  the  other  side  of  the  centre. 
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the  sidewalks  are  unloaded  and  is  64,300  ft.-lbs.  The  depth  of  the  economical  floor-beam, 
using  a  web  plate  ^  inch  thick  and  using  one  eighth  of  the  gross  area  of  the  web  as  available 
equivalent  flange  area,  is  20  inches  deep.  Assuming  the  depth  centre  to  centre  of  gravity 
of  the  flanges  as  i8i  inches,  the  flange  stress  is  41,700  lbs.,  requiring  3.48  square  inches  net 
area  of  lower  flange  or  2.86  square  inches  net  area  in  the  flange  angles  after  deducting  the 
equivalent  flange  area  of  the  web.  Two  3"  X  z"  angles  weighing  17  lbs.  per  yard  will  be  used 
The  top  flange  will  be  made  the  same  gross  area  as  the  bottom  flange.  The  maximum  bend 
ing  moment  from  the  overhanging  load  of  the  sidewalks  occurs  at  the  hanger  point  and  ia 
27,000  ft.-lbs.  The  flange  angles  and  web  plates  will  be  made  in  single  lengths  from  end  to 
end  of  the  beam.  The  load  on  the  hanger  supporting  the  floor-beam  from  the  truss  pin  is 
24,400  lbs.,  and  if  a  unit  stress  three  quarters  of  that  used  for  long  tension  members  or  flanges 
is  used  it  would  require  one  loop  hanger  i.f^  inches  square. 

Referring  to  Plate  II,  it  will  be  noticed  that  the  lateral  rods  are  in  the  plane  of  the 
top  flange  of  the  beam,  and  that  this  flange  is  utilized  as  the  strut  for  the  lateral  system.  This 
flange  is  supported  laterally  every  two  feet  by  the  joists,  so  that  the  allowed  stress  from  the 
combination  of  live,  dead,  and  wind  stresses  may  be  as  much  as  15,000  lbs.  per  square  inch. 
There  is,  then,  no  increase  of  the  section  of  the  flange  necessary.  The  floor-beams  are  riveted 
to  the  post  to  transfer  the  chord  component  of  the  lateral  rods.  The  top  flange  angles  are 
extended  to  take  the  brace  from  the  handrail.  Stiflener  or  distributing  angles  should  be 
riveted  to  the  web  of  the  beam  on  each  side  of  the  hanger  from  the  truss  pin  to  resist  the 
reaction  of  the  floor-beam.  This  end  reaction  is  24,400  lbs.,  requiring  24,400  -r-  2800  =  9 
J-inch  rivets  in  bearing  against  the  quarter-inch  web.  Four  angles  3"  X  2"  X  i"  with  two 
vertical  lines  of  five  rivets  each  will  be  used  at  each  end  of  the  beam.  The  minimum  rivet 
-spacing  through  the  flanges. allowable  is  4  inches,  and  is  computed  as  follows:  The  maximum 
shear  is  16,400  lbs.,  the  ratio  of  the  moment  of  resistance  of  the  flanges  to  that  of  the  web  is 
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The  stresses  ia  the  table  are  given  in  thousand-pound  units.    -{-  denotes  compression ,  —  denotes  tension. 
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as  four  to  one ;  hence  the  amount  of  flange  stress  transferred  to  the  flange  is  four  fifths  of 

what  it  would  be  if  the  web  were  neglected,  and  therefore  ^S  =  rA,  or/  =  ^  =  4.0.     In 

40 

this  formula/  =  rivet  pitch,  5=  the  shear,  r  =  value  of  one  rivet  in  bearing  against  the  web 

plate,  and  A  =  distance  between  the  rivet  lines  in  the  top  and  bottom  flanges.     The  rivets 

will  be  spaced  3  inches  apart  until  the  bearing  points  of  the  first  two  joists  are  passed,  when 

the  spacing  will  be  changed  to  6  inches,  using,  however,  two  3-inch  spaces  directly  under 

each  Joist  bearing  to  avoid  the  use  of  distributing  angles.* 

359.  The  Design  of  the  Trusses. — The  dead  load  will  be  assumed  as  2(2  X  105  +  50) 
=  520  lbs.  per  Unear  foot  for  the  iron,  50  lbs,  per  linear  foot  for  the  handrailing,  and  500  lbs. 
per  linear  foot  for  the  floor  and  joists,  making  a  total  of  1070  lbs.  per  linear  foot.  The  panel 
concentration  from  this  for  one  truss  is  ^(1070  X  15)  =  8000  lbs.  nearly.  Of  this,  2000  lb& 
will  be  assumed  as  concentrated  at  the  top  chord  joints  and  6000  lbs.  at  the  bottom  chor-* 
joints.     The  live  load  is  2400  lbs.  per  linear  foot  or  18,000  lbs.  per  truss  panel. 

The  table  on  page  382  gives  the  stresses,  required  areas,  and  make-up  of  the  sections. 

nThe  member  aB  was  made  as  shown  in  Fig.  378  in  order  to  use  a  top 
plate  to  transfer  the  wind  stress  down  the  post  and  at  the  same  time  keep 
the  pin  centres  in  the  middle  of  the  channel  webs.  The  sections  BC^  CD, 
and  D£  have  latticing  on  both  their  top  and  bottom  flanges,  and  as  they 
are  perfectly  symmetrical  the  neutral  axis  is  in  the  centre  of  the  webs  of  the 
Fig.  378.  channels. 

360.  The  Wind  Bracing. — The  top  lateral  bracing  will  be  proportioned  to  resist  a  wind 
presssure  of  1 50  lbs.  per  linear  foot  of  the  bridge. 
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The  bottom  lateral  bracing  will  be  proportioned  to  resist  a  static  wind  force  of  150  lbs 
per  foot  of  bridge,  and  in  addition  a  moving  wind  force  of  100  lbs.  per  foot  of  bridge. t 


*  In  the  best  practice,  hangers  are  no  longer  used,  the  beams  being  riveted  to  the  posts  as  in  railroad 
bridges/  • 

f  Specifications  now  (1903)  usually  demand  that  lateral  bracing  shall  be  made  of  angles  rather  than  rods. 
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The  details  for  this  span  may  be  worked  out  by  the  student.     Complete  detail  sketches 
are  given  in  Plate  IL 
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CHAPTER  XXIII. 

THE  DETAIL  DESIGN  OF  A  HOWE  TRUSS  BRIDGE. 

361.  The  Howe  Truss  has  proved  the  most  useful  style  of  bridge  ever  devised  for  use 
in  a  new  and  timbered  country.  It  is  still  very  largely  used  in  America  for  both  highway  and 
railway  purposes.  Railroad  bridges  of  this  kind  are  usually  built  on  the  ground  by  squads 
of  "  bridge  carpenters,"  and  are  very  cheap.  They  are  also  rigid  and  perfectly  safe  if  care- 
fully inspected  for  evidences  of  decay.  They  are  built  wholly  of  timber  except  the  vertical 
and  lateral  tie  rods  and  certain  joint  castings,  splicing  members,  bolts,  etc.  They  can  be  put 
together  in  such  a  way  that  any  single  stick  may  be  removed  and  replaced  while  in  service 
without  endangering  the  structure.  One  of  the  standard  Howe  truss  drawings  of  the 
Chicago,  Milwaukee,  and  St.  Paul  Railway  is  given  in  Plate  III,  and  the  bill  of  materials  at 
the  end  of  this  chapter.  This  plate  shows  a  span  147'  2\^'  long,  composed  of  thirteen 
panels  of  10'  w^'  at  the  bottom  chord  and  10'  ii^''  at  top  chord,  the  height,  inside  to 
inside  of  chords,  being  25'.  Similar  standard  plans  of  the  same  height  and  panel  length  are 
used  for  lengths,  diminishing  by  single  panels,  down  to  seven,  or  for  a  length  of  81'  6|"  centre 
to  centre  of  bottom  chord  joints.  All  these  standard  plans  and  the  corresponding  bills  of 
materials  are  lithographed  and  placed  in  the  hands  of  the  bridge  carpenters,  to  work  by.  All 
ends  are  square-sawed,  and  there  is  not  a  mortise  or  tenon  in  the  whole  structure. 

Sometimes  the  timber  bottom  chord  is  replaced  by  eyebars,  when  it  is  called  a  Combina- 
tion Bridge.  But  since  timber  is  much  stronger  in  tension  than  in  any  other  way,  there  is  no 
good  reason  for  doing  this. 

At  30  dollars  per  M,  the  cost  of  a  cubic  foot  of  timber,  in  a  bridge,  would  be  36  cents, 
while  the  cost  of  a  cubic  foot  of  iron  would  be  about  20  dollars.  The  working  stress  on 
timber  may  be  as  much  as  one  tenth  of  that  on  iron,  so  that  the  relative  first  cost  of  timber 
and  iron  structures  is  about  as  i  to  4  or  5. 

When  bridges  are  to  be  erected  far  from  existing  lines  of  railroad,  iron  bridges  become 
impracticable,  especially  when  timber  is  convenient. 

The  designing  of  a  Howe  truss  bridge  is  mostly  a  matter  of  joints  and  splicing.  The 
timber  sections  are  not  computed  with  that  care  that  is  used  in  iron  structures,  but  material 
is  used  liberally  and  usually  far  in  excess  of  what  the  formulas  would  give.  For  this  reason 
wooden  or  combination  bridges  should  not  be  let  out  by  contract  under  general  specifications, 
such  as  are  used  for  iron  bridges,  unless  all  the  sizes  are  specified  on  standard  typical  draw- 
ings like  that  of  Plate  III. 

By  referring  to  the  Table  of  Strength  of  Materials  at  the  end  of  the  volume,  it  will  be 
seen  that  timber  is  relatively  very  weak  in  lateral  compression  and  in  shearing  along  the  grain. 
For  this  reason  'a  timber  post  or  strut  should  never  bear  on  the  side  of  another  timber, 
but  always  on  a  wrought-  or  cast-iron  plate,  which  in  turn  presents  a  greatly  increased  surface 
to  the  lateral  face  of  the  wood. 

362.  Chord  Splices. — The  chords  are  made  up  of  as  long  timbers  as  possible,  and  but 
one  stick  spliced  at  any  section.  By  referring  to  Plate  III  and  to  the  bill  of  materials 
accompanying  it,  it  will  be  seen  that  the  standard  length  of  stick  in  the  upper  chord  is  43'  i^" 
(cut  from  44'  sticks)  and  in  lower  chord  it  is  65'  7^"  (cut  from  66'  sticks),  the  only  variation 
being  for  the  supplemental y  end  sections.     The  chords  are  packed  twice  in  each  panel,  be 
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tween  the  angle-blocks,  and  the  splice  is  always  nnade  at  one  of  these  points.  The  timber  is 
always  sawed  for  these  bridges  on  special  orders,  and  sticks  of  these  lengths  can  be  obtained 
in  the  South,  West,  and  Northwest. 

TAe  upper  chord  splice  consists  simply  of  square  abutting  ends,  at  the  middle  of  pine 
packing  blocks  2\  inches  thick  and  10  inches  long,  dressed,  and  set  into  the  chord  sticks  |  inch 
on  each  side,  thus  leaving  a  |-inch  air-space  between  the  sticks.  When  the  outside  stick  is 
spliced  three  bolts  are  used  in  place  of  two,  as  shown  on  the  plate. 

The  lower  chord  splice  offers  more  of  a  problem.     It  was  formerly  the  custom  to  make 

this  splice  by  means  of  two  oak  fish-plates  notched 
into  the  sides  of  the  stick  as  shown  in  Fig.  379. 
There  were  five  ways  in  which  this  joint  might  fail. 
1st.  At  aa^  by  crushing  down  the  fibres. 
2d.  At  bb^  by  shearing  off  the  shoulders  of  the 
stick,  which  would  usually  be  white  pine. 

3d.  At  cCy  by  shearing  off  the  shoulders  of  the 
splice  plates. 

4th.  At  ddy  by  rupturing  the  splice  plates  in 
tension,  or  partly  in  shear  if  they  were  somewhat 
cross-grained. 
5th.  At  ee^  by  rupturing  the  main  stick  in  tension. 

These  methods  are  given  in  the  order  of  their  most  common  occurrence. 
Since  strength  against  rupturing  at  aa  is  only  obtained  by  sacrificing  that  at  eey  it  is 
evident  that  the  greatest  strength  of  the  joint,  so  far  as  these  two  methods  of  failure  are  con, 
cerned,  is  obtained  when  we  have  notched  in  so  far  that  we  have  an  equal  strength  in  these 
two  ways.  The  endwise  crushing  strength  of  white  pine  is  not  less  than  4000  lbs.  per  square 
inch,  and  the  tensile  strength  is  not  less  than  7000  lbs.  per  square  inch.  To  realize  the 
greatest  strength  at  this  section,  therefore,  the  stick  should  be  notched  more  than  a  quarter  of 
its  width.  To  provide  for  the  case  of  cross-grained  wood  at  this  point,  it  is  a  good  rule  to 
notch  one  fourth  the  thickness  of  the  stick  on  each  side. 

The  shearing  strength  of  white  pine  is  only  about  400  lbs.,  or  say  one  tenth  of  the 
strength  in  crushing  endwise.  Hence  the  section  in  shear  at  bb  should  be  ten  times  the 
depth  of  the  notch,  or  2\  times  the  thickness  of  tire  stick.  If  the  splicing  timbers  are  also  of 
white  pine  the  above  results  apply  to  them  too,  but  if  they  are  of  selected,  straight-grained, 
seasoned  oak,  or  better  of  long-leaf  yellow  pine  {pintis  palustris),  then  the  thin  portions  at  dd 
need  be  only  about  one  sixth  or  one  eighth  of  the  thickness  of  the  main  timber,  and  the  length 
of  the  shoulder,  cc,  only  one  half  that  on  the  white  pine  timber  itself  at  bb.  Thus  for  splicing 
a  white  pine  stick  8  inches  thick  with  white  pine  splices,  the  joint  would  be  80  inches,  long 
and  the  splices  made  of  4-inch  stuff,  notched  out  2  inches.  If  made  of  long-leaf  yellow  pine  or 
of  straight-grained  oak,  the  joint  would  be  60  inches  long,  made  of  3i-inch  stuff  and  notched 
out  2  inches,  leaving  i^  inches  thickness  at  dd. 

No  reliance  should  ever  be  put  upon  the  bolts.  They  serve  simply  to  hold  the  parts  together, 
and  would  not  come  into  action  at  all  until  there  had  been  considerable  movement,  and  then 
they  would  act  very  imperfectly  and  to  an  unknown  extent.  A  good  joint  zvill  dezfelop  its  full 
working  strength  without  any  appreciable  distortion. 

The  great  length  of  these  timber  splices,  and  the  uncertainty  arising  from  imperfect 
workmanship  and  from  cross-grained  material,  which  is  apt  to  be  more  or  less  wind-shaken 
or  season-checked,  so  as  to  offer  little  resistance  to  shearing  along  the  grain,  has  resulted  in 
an  entirely  new  kind  of  tension  splice  now  adopted  on  many  of  our  leading  railways  of  the 


West. 


The  iron  splice  is  composed  of  two  cast-iron  plates  on  each  side  of  the  sticks  to  be  joined, 
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with  short  cylindrical  spurs  fitting  into  corresponding  bored  holes  in  the  stick,  these  being 
held  together  by  two  clamp  bars  of  wrought-iron,  having  forged  hooks  at  their  ends,  all  as 
shown  in  Plate  III.  The  cast-iron  plates  (and  hence  the  sticks)  are  drawn  tightly  together 
by  means  of  a  clamp  key  which  is  driven  at  one  end  of  each  clamp  bar,  the  key-seat  on  the 
cast-iron  plate  being  inclined  to  the  plane  of  the  key  as  shown."  Each  clamp  plate  here  shown 
has  twenty-one  spurs,  i  inch  long  and  \\  Inches  diameter,  making  a  total  area  of  23}  square 
inches  bearing  area  for  each  piate,  or  47^  square  inches  for  each  stick.  The  area  of  the  cross- 
section  of  these  sticks  is  96  inches,  so  that  the  compression  bearing  area  is  about  one  half 
the  section  of  the  stick.  But  since  this  area  is  not  all  cut  out  at  the  same  section,  this  bearing 
area  might  well  be  increased,  even  to  the  extent  of  making  the  spurs  1}  inches  long,  thus 
making  the  bearing  area  for  one  stick  74  square  inches. 

The  clamp  bar  has  a  minimum  section  of  3  square  inches,  but  with  longer  spurs  it  might  be 
widened  to  4  inches  and  its  section  made  4  square  inches.  This  would  give  8  square  inches 
of  section  of  bar  to  74  square  inches  of  bearing  area  on  the  wood,  or  9  square  inches  bearing 
to  I  square  inch  of  iron  in  tension,  which  is  about  the  proper  ratio. 

This  arrangement  of  iron  clamp  blocks  and  bars,  with  tightening  key,  is  a  most  excellent 
one  and  should  entirely  replace  the  old  wooden  fish-plates.  By  driving  out  the  key,  and 
slightly  spreading  the  chord  members,  any  single  stick  can  be  taken  out  and  replaced  by  a 
new  one. 

363.  The  Angle  Blocks  and  Bearing  Plates. — Since  timber  offers  very  slight  resist 
ance  to  crushing  across  the  grain,  it  is  necessary  to  give  to  all  the  web  struts  and  vertical 
tension  rods  very  targe  bearings  on  the  chords,  at  both  top  and  bottom,  in  order  to  prevent 
the  crushing  down  of  the  fibres.  The  resistance  of  white  pine  to  crushing  across  the  grain  is 
only  about  500  lbs.  per  square  inch,  and  of  yellow  pine  from  800  to  1000  lbs.  The  working 
stress  should  not  be  over  yxi  lbs.  for  white  pine  and  500  lbs.  for  yellow  pine. 

The  angle  blocks  shown  in  Plate  III  are  all  18  inches  wide  and  of  a  length  equal  to  the 
total  width  of  the  chords.  The  top  and  bottom  blbcks  are  exactly  alike.  Two  ribs  project 
ij  inches  from  the  lower  faces,  which  are  notched  into  the  chords  to  take  the  lateral  thrust 
of  the  struts,  and  with  the  patterns  here  shown  the  vertical  components  of  the  thrust  are 
transmitted  through  the  chords  by  lateral  compression  on  the  timbers.  This  is  well  enough 
if  the  bearing  plates  at  top  and  bottom  are  of  sufficient  size,  which  in  this  design  they  are. 

The  bearing  plales  arc  hcve.  composed  of  10-  and  i2-inch  channel  bars  the  full  width  of 
the  chord  sections.  Thus  in  the  147-foot  span  shown  in  Plate  III  the  load  on  the  end  ver- 
ticals may  be  taken  at  150,000  lbs,  for  each  truss.  The  bearing  plate  here  is  12"  X  43"  = 
516  square  inches.  At  300  lbs.  per  square  inch  this  would  carry  a  load  of  154,800  lbs.,  which 
shows  it  to  be  of  sufficient  size.     Being  made  of  channel  iron,  it  is  presumed  to  be  stiff 


Fig.  38a 

enough,  if  lai^e  washers  are  used  under  the  nuts,  to  spread  the  load  uniformly  over  the  bear- 
ing area. 

Another  method  ol  transmitting  this  thrust  through  the  chord  section  is  to  extend  the 
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web  of  the  angle  blocks  entirely  through  the  chords  to  receive  the  bearing  from  the  nuts 
directly.  This  enables  this  load  to  be  transmitted  wholly  through  the  cast  angle  block  and 
allows  no  lateral  compression  to  come  upon  the  timber  chords.  In  this  case  the  shrink- 
age of  the  bottom  chord  timbers  would  allow  the  angle  block  to  stand  off  from  its  seat  some- 
what and  make  a  good  reservoir  for  rain-water,  which  would  rapidly  rot  the  timber  at  a  point 
where  it  could  not  be  inspected.  A  clo^e  bearing  on  cast-iron  makes  a  very  lasting  joint.  It 
ivould  seem,  therefore,  that  the  joint  shown  in  Plate  III  is  the  best  which  could  be  devised. 

364.  Miscellaneous  Details. — Dowels, — All  the  web  struts  are  held  in  place  by  iron 
dowel  pins  ^  inch  in  diameter  by  9  inches  long,  fitting  tight  into  bored  holes  in  the  ends  of  the 
struts  and  entering  corresponding  holes  in  the  angle  blocks.  They  simply  prevent  the  timbers 
from  slipping  out  of  place.  All  bridge  timbers  are  apt  to  be  more  or  less  green  when  put  into 
place,  and  although  most  of  the  shrinkage  is  in  a  circumferential  direction,  there  is  some 
shrinkage  lengthwise.  All  Howe  truss  bridges,  therefore,  should  be  tightened  up  frequently 
by  screwing  up  the  nuts  on  the  vertical  rods.  If  these  are  not  kept  tight  the  counter-struts 
will  become  loose  and  slip  off  their  seats  if  not  held  to  place  by  dowel  pins  or  otherwise. 

The  lateral  wind  bracing  consists  of  diagonal  timber  struts  and  transverse  iron  tie  rods, 
in  the  planes  of  both  top  and  bottom  chords.  The  angle  blocks  for  these  lateral  systems  are 
shown  in  Plate  III.  Instead  of  dowels  there  are  projecting  flanges  on  the  lower  sides  of  the 
angle  blocks  which  hold  the  diagonal  struts  in  place. 

Washers  and  Packing. — The  upper  chord  is  packed  with  seasoned  pine  blocks  except  at 
the  lateral  rods,  where  f-inch  cast  washers  {P)  are  used.  The  lower  chord  is  packed  with  the 
cast  washer  F  except  along  the  lateral  truss  rod,  where  the  plane  washer  P  is  used  the  same 
as  in  the  upper  chord.  This  F  washer  is  intended  to  act  so  as  to  transfer  tensile  stress  from 
one  stick  to  another,  and  in  this  way  cause  the  chord  to  act  together  as  one  solid  stick.  For 
this  purpose  these  washers  are  rimmed,  and  these  rims  are  set  i  inch  into  the  timber  on  each 
side.  The  sockets  for  these  circular  rims  are  cut  out  with  a  special  tool,  truly  circular,  and 
the  projecting  rims  of  the  washer  are  given  a  "  draw  **  of  ^  inch  on  each  side,  so  that  when 
the  packing  bolts  are  tightly  drawn,  these  rims  are  set  snugly  into  the  wood  on  either  side,  to 
a  depth  of  I  inch,  on  an  outside  diameter  of  6  inches,  there  being  two  of  these  at  each  pack- 
ing section.  These  sections  occur  every  5^  feet,  so  that  every  5 J  feet  a  common  union  of  12 
square  inches  area  is  made  between  each  pair  of  adjacent  sticks.  It  is  this  transfer  of  stress 
laterally  from  one  stick  to  another  which  causes  the  total  weakening  effect  of  the  bottom 
chord  splices  to  be  limited  to  that  due  to  the  splicing  of  one  stick.  Thus  if  stick  two  has 
been  spliced  at  a  sacrifice  of  half  its  strength,  and  1 1  feet  farther  along  stick  three  is  to  be 
spliced,  there  will  be  four  of  these  rimmed  6-inch  washers  introduced  on  each  side  of  stick 
three,  after  passing  the  splice  in  two,  and  these  will  transfer  stress  from  stick  three  to  sticks 
two  and  four,  with  an  equivalent  area  of  48  square  inches  of  timber,  leaving  only  about  a  half 
load  in  three  to  be  carried  past  the  joint  over  the  two  sets  of  splice  bars  and  blocks.  This 
rimmed  washer  is  a  much  more  efficient  packing  and  transfer  block  than  the  solid  oak  packing 
blocks  notched  into  the  adjacent  timbers  which  were  formerly  common. 

Lip  Washers. — To  further  assist  in  holding  the  end  angle  blocks  to  place  cast-iron  lip 
washers  are  introduced  (pattern  I)  which  I.avc  a  lip  projecting  over  the  free  edge  of  the 
block,  and  are  bolted  through  the  chord.  Each  end  block  on  the  bottom  chord  has  four  of 
these  back  of  it,  the  next  one  three,  and  the  third  from  the  end  two.  A  few  are  used  on  the 
end  upper  chord  blocks  also.  These  washers  also  hold  down  this  side  of  the  block  and  so 
assist  in  distributing  the  load,  which  comes  wholly  on  the  opposite  slope  of  the  block,  evenly 
over  the  whole  base  of  the  block. 

Collision  Struts  are  introduced  to  stay  the  end  inclined  struts  in  case  they  should  be  struck 
by  a  derailed  car,  engine,  or  projecting  timber. 

Portal  Braces  &'  X  8"  are  used  as  shown  in  Plate  III,  being  well  attached  both  to  the 
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inclined  end  posts  and  to  a  portal  strut  at  top  10"  X  12'',  which  in  turn  is  bolted  and 
shouldered  upon  the  ends  of  the  top  chord.  The  absence  of  any  very  efficient  wind,  sway,  or 
portal  bracing  (and  formerly  the  total  absence  of  any  such  bracing  whatever)  has  been  the 
cause  of  many  failures  of  Howe  truss  bridges,  and  is  still  an  objection  to  them.  It  has  been 
very  common  to  cover  in  Howe  truss  bridges  on  highways,  and  when  this  is  done  and  all 
portal  or  sway  bracing  omitted,  a  comparatively  small  wind  pressure  would  wreck  the  struc 
ture. 

The  Floor-beams  and  Stringers  are  of  timber  and  usually  rest  directly  upon  the  bottom 
chord.  Sometimes  they  are  hung  below  it,  as  shown  in  Plate  HI.  In  this  case  a  large  bearing 
area  must  be  provided  both  on  top  of  the  chord  and  at  the  base  of  the  beam,  to  prevent  the 
cutting  in  of  the  washers.  The  stringers  are  also  of  timber,  held  well  apart  by  means  of  pack- 
ing washers  or  thimbles,  three  inches  long,  thus  giving  not  only  a  free  circulation  of  air,  but 
allowing  live  coals  from  the  engine  an  opportunity  to  roll  off  and  drop  between  them.  The 
remaining  portion  of  the  floor  system  is  not  peculiar  to  this  style  of  truss. 

Corbels  are  usually  introduced  under  the  ends  so  as  to  save  the  bottom  chord  timbers  and 
keep  them  away  from  the  sills  or  wall  plates.  They  are  packed  with  the  plain  washers  and 
bolted  to  the  bottom  chord. 

365.  Working  Stresses. — As  stated  in  Art.  361,  the  timber  members  of  a  Howe  truss 
are  not  usually  nicely  computed  and  dimensioned  as  is  always  the  case  with  wrought-iron  and 
steel,, but  certain  maximum  loads  should  not  be  exceeded. 

Prof.  Lanza,  who  is  now  the  leading  authority  on  the  strength  of  timber,  gives  as  the 
results  of  actual  tests  on  large  beams  and  columns  the  following:* 

Working  Fibre  Stress  in  Cross-breakingy  using  a  Factor  of  Safety  of  Four ^  on  Actual  Tests 
of  Full-sized  Beams, 

White  pine  and  spruce 750  lbs.  per  square  inch. 

Georgia  (long-leaf)  yellow  pine 1200    "     "        "         " 

White  oak 1000    "     "         "         « 

Columns, — For  the  ultimate  strength  of  timber  columns  use  the  formulas  given  on  p.  167, 
which  are  based  directly  on  Lanza's  published  results  of  full-sized  column  tests.  A  factor  of 
safety  of  four  or  five  should  be  sufficient. 

In  applying  the  formulae  to  composite  columns  made  up  of  several  sticks  bolted  to- 
gether at  intervals,  give  to  each  stick  its  proportionate  share  of  the  total  load  to  be  carried 
over  that  member,  and  then  assume  that  it  stands  alone  and  unsupported.  This  is  the  only 
safe  rule.  Even  though  they  are  firmly  bolted,  with  packing  blocks  or  washers  notched  into 
the  sides,  these  grow  loose  in  time  and  do  not  resist  initial  lateral  bending.  They  should  never 
be  assumed  to  act  as  one  solid  stick. 

Shearing,^ — For  shearing  and  crushing  it  is  probably  safe  to  use  a  factor  of  safety  of 
two  or  three.  Pending  the  final  reports  on  the  U.  S.  Timber  Tests  now  in  progress,  use  for 
working  values  of  the  shearing  strength  along  the  grain,  for 

White  pine 100  lbs.  per  square  inch. 

Long-leaf  yellow  pine 200  **      "        "        " 

Short-leaf      "         "    150   **       **        •*        «« 

White  oak 300   **       «        «        « 

•  Applied  Mechanics,  Fourth  Ed.,  pp.  670,  677,  684,  and  68s. 

f  These  values  of  working  stresses  in   shearing,  crushing,  and  tension  ctre  taken   from  the   results  of  the  U.  T 
Timber  Tests  now  being  conducted  at  Washington  University  by  Prof.  Johnson  for  the  Forestry  Division  of  the 
Agricultural  Department. 
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Crushing  across  Grain. 

Take  for  working  values,  on  seasoned  timber,*  (or 

White  pine 300  lbs.  per  square  inclu 

Long-leaf  yellow  pine 500  "       '*        "        " 

Short-leaf       "         "    450"      "        "        •* 

White  oak 1000  "      «        *<        « 


Crushing  Endwise  {Short  Blocks\ 

Take  for  working  stress,  for  dry  seasoned  timber  :* 

White  pine 2500  lbs.  per  square  inch. 

Long-leaf  yellow  pine 3000  "       "        *•        " 

Short-leaf      "  ''    2800"       "         "        « 

White  oak 2750  "       "        •*        ** 

Tension. — Wood  fibre  is  much  stronger  in  tension  than  in  any  other  way,  and  as  a  result 
it  may  be  said  that  wood  seldom  or  never  breaks  in  pure  tension  in  actual  service.  In  fact, 
it  is  very  difllicult  to  break  it  in  tension  in  a  laboratory  test.  In  structures  timber  usually  fails 
in  shearing,  in  cross-breaking,  or  in  crushing.  It  must  always  be  assumed,  in  long  sticks  in 
tension,  as  in  the  bottom  chord  of  a  Howe  truss,  that  the  grain  runs  more  or  less  across  the 
line  of  the  stick,  and  a  liberal  allowance  must  be  made  for  the  reduction  of  the  section  by 
framing  it,  so  that  although  the  tensile  strength  of  the  fibre  may  be  ten  (or  in  the  case  of  long- 
leaf  yellow  pine  nearly  twenty)  thousand  pounds  per  square  inch,  yet  it  is  not  wise  to  rely  on 
a  working  stress  in  tension  of  more  than  about  1000  or  2000  lbs.  per  square  inch. 

366.  Weights  and  Quantities. — The  following  table  of  loads,  quantities,  and  weights  is 
taken  from  a  complete  scheme  of  stress  diagrams  and  sizes  for  both  deck  and  through  Howe 
truss  bridges  from  30  feet  to  150  feet  in  length,  for  the  Oregon  Pacific  Railway  (A.  A.  Schenck, 
Chief  Engineer),  published  in  Engineering  News,  April  26,  1890.  The  live  load  assumed  was 
two  88-ton  engines  followed  by  a  train  load  of  3000  lbs.  per  foot.  For  deck  bridges  add 
20  per  cent  to  the  weight  of  the  timber  and  deduct  20  per  cent  from  the  weight  of  the 
wrought-iron. 

WEIGHTS   AND   QUANTITIES   FOR   HOWE   TRUSS   BRIDGES. 


Length  of 

Style  of 

Span. 

Truss. 

30  feet 

Pony 

40    " 

«« 

50    " 

« 

60    •' 

(< 

70    - 

« 

80    *• 

t« 

90    " 

•  • 

90    " 

Through 

100    ' 

<< 

no    " 

«. 

ISO    " 

<« 

130    " 

« 

140    " 

(« 

150    " 

(« 

Height  of   No.  of 
Truss.     Panels. 


9  feet 
II 


II 
12 

13 
14 
15 
25 
25 
25 
25 
25 
25 
25 


(( 
f  ( 

(« 
<< 

i< 


4 

4 
6 

6 

7 
8 

9 

8 

9 
10 

II 

12 

13 
14 


Assumed  Loading  per  Foot. 


Trusses. 
Lbs. 


3^ 
400 

450 

540 

600 

620 

720 

720 

800 

880 

940 

1,000 

1,050 

1,100 


Floor. 
Lbs. 


500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 


Train. 
Lbs. 


5,0^0 
4,600 
4,200 

3,860 

3.^40 
3,600 

3,5^0 
3.S60 

3»5oo 

3.400 

3.300 
3.200 

3.150 
3,100 


Total 

Load  per 

Foot, 

Lbs 

Timber. 

Feet  B.  M. 

5,920 

10,160 

5.500 

13.360 

5.150 

19,020 

4,900 

22,780 

4.740 

29,930 

4,720 

35,390 

4,780 

42,710 

4,780 

41,880 

4,800 

48,890 

4.780 

54,770 

4  740 

62,040 

4.700 

70,130 

4.700 

78,160 

4.7^)0 

86,fj30 

Estimated  Quantities. 


Wrought-iron. 


Rods  not 

Upset. 

Lbs. 


2,170 
2,960 
5.610 
6,790 
9,260 
11,660 

15.170 
17,880 
22,580 
25,820 
30,890 
37,050 
40,820 
48.090 


Rods 

Upset. 

Lbs. 


8,210 
10,260 
13.440 
15.150 
18,950 
22.290 
26,010 
30,180 
33»02o 
39,140 


Cast-iron, 
Lbs. 


970 

1,210 

2,880 

3,660 

8,260 

9»970 

12,530 

12,260 

14.290 

15.930 
18,290 
20,830 
23.210 
27,060 


if  timber  may  be  green  or  wet  use  one  half  these  values.    See  Johnson's  Materials  of  Cofistrtution,  Chapter  XXXII. 
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367.  Long  Span  Howe  Truss  Bridges. —  In  Plate  IIIa  are  shown  the  details  of  a  Howe 
truss  bridge  of  250  feet  span,  designed  and  built  for  the  Oregon  division  of  the  Southern 
Pacific  Railway  by  Mr.  W.  A.  Grondahl,  Resident  Engineer.  These  bridges  are  constructed 
from  "  Oregon  fir"  timber,  it  being  practicable  to  obtain  large  sticks  of  this  wood  as  long  as 
70  feet.  This  enables  a  new  departure  to  be  made  in  wooden  bridges,  and  Mr.  Grondahl  has 
solved  the  problem  in  an  eminently  satisfactory  manner.  On  the  Pacific  coast  this  timbei 
is  cheap,  while  iron  is  very  dear,  and  hence  it  proves  to  be  economy  to  build  of  the  cheaper 
but  shorter-lived  material. 

The  drawings  given  in  Plate  IIIa  very  clearly  indicate  the  method  employed.  The  live 
load  for  which  the  bridge  was  designed  consisted  of  Cooper's  Class  Extra  Heavy  A  (see  p. 
^j),  or  of  two  100-ton  engines,  followed  by  a  train  load  of  3000  lbs.  per  foot. 

The  peculiar  features  of  this  new  Howe  truss  are : 

First.  Its  great  height  (45  ft.  out  to  out),  and  its  long  panels  (31  ft.  3  in.),  which  are, 
however,  subdivided  in  the  lower  chord,  as  in  the  Baltimore  truss.  Fig.  100,  Art.  80, 

Second.  The  use  of  eyebars  and  large  steel  pins  in  making  the  bottom  chord  splices. 

Third.  The  use  of  timbers  10  in.  X  21  in.  X  63  ft.  long  in  making  up  the  chord  members, 
and  of  19  in.  X  20  in.  X  50  ft.  long  in  the  web  system. 

Fourth.  The  omission  of  all  counter-braces  where  they  are  not  required  by  the  analysis. 

In  the  working  out  of  this  design  the  following  features  should  be  noted : 

The  Suspension  Joint  in  the  middle  of  the  web  braces,  as  shown  in  Figs.  6,  7,  and  8.  The 
suspension  stirrups  hang  from  a  spool  7  in.  in  diameter,  on  the  top  of  which  rests  a  small 
strut  for  sustaining  the  weight  of  the  upper  chord,  which  member  is  held  in  place  by  an 
inverted  stirrup  passing  under  the  spool.  The  spool  is  held  in  place  by  the  inclined  parts,  into 
which  it  is  seated  to  a  depth  of  6  inches  at  each  end,  as  shown  in  Fig.  6. 

The  Bottom  Chord  Splicers  shown  in  Figs.  9  to  15.  Two  eyebars,  from  five  to  eight  feet 
long,  are  laid  beside  the  member  at  the  splice,  and  3i-inch  pins  used,  which  make  a  snug  fit 
in  the  timber.  To  prevent  these  pins  from  bending,  and  to  increase  the  bearing  area  on  the 
wood,  other  pins  are  inserted  in  front  of  the  main  pin,  and  cast-iron  plates,  one  inch  thick 
(Figs.  14  and  15),  set  in  so  as  to  make  a  close  fit,  thus  distributing  the  pull  on  the  eyebars 
upon  three,  four,  five,  or  six  pins,  as  the  pull  increases  from  the  end  towards  the  centre,  as 
shown  in  Figs.  10,  11,  12,  and  13.  After  these  plates  and  pins  are  all  in  place  the  whole  com- 
bination is  tightened  up  by  turning  an  eccentric  collar  on  the  pin  through  one  end  of  the  eye- 
bars,  as  shown  in  Fig.  9.  The  small  circles  there  shown  are  the  recesses  into  which  are  fitted 
the  lugs  of  the  spanner  used  to  turn  these  collars  180'',  thus  drawing  the  end  pins  about  ^  inch 
nearer  together.  This  takes  the  place  of  the  "  clamp  key  **  used  in  the  C,  M.  &  St.  P. 
designs,  Plate  III.  The  ends  of  the  spliced  sticks  are  held  in  place  by  a  one-inch  bolt  and 
washers  placed  vertically  in  the  joint,  as  shown  in  Fig.  10. 

The  Floor-beams  are  bunched  as  near  to  the  bottom  chord  joints  as  possible,  three 
10"  X  18"  sticks  making  one  beam. 

The  Transmission  of  Loads  through  the  Bottom  Chords  is  effected  by  means  of  cast-iron 
•*  false  tubes,"  shown  in  Figs.  21  and  22.  These  bear  on  the  cast-iron  angle  blocks  above  and 
on  the  gib  plates  which  receive  the  nuts  and  washers  below.  They  are  cast  to  a  bevel,  or  slope, 
so  that  they  can  be  driven,  or  drawn  into  a  tight  fit  in  the  wedge-shaped  slots  cut  in  the  sides 
of  the  sticks  (Figs.  17,  18,  19,  and  20),  these  latter  being  held  laterally  by  two  J-inch  bolts. 

These  and  other  features  of  this  truss,  of  less  significance,  have  so  far  extended  the 
capacities  of  the  Howe  truss  as  to  open  up  a  new  field  of  application  for  it  in  the  Northwest 
or  wherever  such  timbers  as  here  described  can  be  obtained.  Recent  tests  of  this  timber 
made  by  Prof.  Johnson  show  it  to  be  superior  to  white  pine  in  strength  and  stiffness.  It  is 
of  a  straight  and  even  grain  free  from  knots,  wind  shakes,  and  season  checks,  and  promises  t9 
become  the  most  valuable  structural  timber  in  the  world. 
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THE  DESIGN  OF  SWING  BRIDGES. 


368.  Different  Types  of  Swing  Bridges  and  Determining  Conditions. — Swing 
bridges  are  known  generally  as  Centre-bearing  and  Rim-bearing,  according  to  the  manner  in 
which  the  bridge,  when  swinging,  is  carried  at  the  centre  pier.  If  the  entire  dead  load,  when 
swinging,  is  carried  on  a  vertical  pin  or  pivot,  it  is  called  Centre-bearing.  If  the  entire  dead 
load,  when  swinging,  is  carried  on  a  circular  girder,  called  a  drum,  which  in  turning  moves 
upon  rollers,  it  is  called  Rim-bearing.  Again,  these  two  conditions  are  combined  into  one,  so 
as  to  make  the  bridge  partly  rim-bearing  and  partly  centre-bearing.  The  conditions  which 
generally  determine  the  style  of  bearing  to  be  used  in  any  given  case  are  usually  concomitant 
with  the  style  of  the  bridge  proper  to  be  used.  In  general,  plate  girder  swing  bridges  have  a 
centre  bearing,  and  truss  bridges  have  a  rim  bearing,  or  a  rim  bearing  and  centre  bearing  com- 
bined. However,  in  practice,  the  condition  which  may  finally  determine  the  style  of  bearing 
to  be  used  is  the  vertical  height  available  under  the  bridge,  or  the  depth  from  the  base  of  rail 
to  the  top  of  pier.  This  distance  is  usually  limited,  and  compels  the  designer  to  resort  to 
various  devices  to  properly  carry  the  bridge  when  swinging. 

369.  Plate  Girder  Swing  Bridges. — These  should  be  used  for  all  lengths  up  to  100 
feet.*     For  lengths  from  100  to  i6c  feet  the  riveted  truss  design  is  preferable. 

The  joint  at  the  centre  for  plate  girder  bridges  is  usually  centre  bearing.  Fig.  381 
shows  the  cross-section  taken  near  the  centre  of  a  plate  girder  swing  bridge.  The  main 
girders  A^  A,  for  a  through  bridge,  are  usually  spaced 
14  feet  apart.  The  part  marked  C  is  the  centre  cast- 
ing, which  receives  the  centre  pin  or  pivot  P,  upon 
which  the  cross-girders  rest.  The  parts  marked  B  and 
^B  are  supports  for  the  main  girders  A  and  A  when  the 
bridge  is  closed.  These  supports  relieve  the  pivot 
from  carrying  any  live  load,  except   such  as   comes 


T 


irom  carrymg  any  live  loaa,  except   sucn   as   comes       jnt        p  ri-j-u, "^ 

directly  on    the   cross-girders.     When   the    bridge  is  ^Jy//Jy/////^^^^^^ 


opened,  the  supports  B  and  B  being  fixed  to  the  ma-    p 

sonry,  the  entire  weight  is  carried  on  the  pivot  P.     In     ^  Fa 

designing  the  pivot,  care  should  be  exercised  to  have 

the  wearing  parts  accessible  at  all  times,  so  that  they  can  be  cleaned  or  replaced  by  new  parts 

if  necessary. 

Fig.  382  shows  the  elevation  and  plan  for  a  centre  bearing,  or  pivot.     When  the  pin  turns, 
the  sliding  takes  place  between  friction  disks,  which  are  usually  made  of  hard  steel,  phosphor- 


*  This  is  about  the  limiting  length  for  shipping  a  girder  on  cars  with  safety.  Plate  girders  136  feet  long  have  been 
shipped  on  cars  for  a  short  distance,  but  it  is  dangerous  in  any  case,  and  especially  when  shipments  are  made  to  a  great 
distance  over  all  kinds  of  roads. 
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bronze,  or  gun-metal.  In  order  to  insure  that  the  sliding  shall  take  place  between  the 
disks  only,  the  upper  and  lower  disks  are  provided 
with  short  dowels  which  fit  in  corresponding  sockets 
in  the  pin  and  centre  casting,  and  prevent  their 
sliding.  The  surfaces  of  the  disks  are  grooved  where 
they  come  in  contact  with  each  other.  This  is  to 
9if°v  insure  lubrication;  the  recess  in  the  centre  casting 
being  kept  full  of  oil  at  all  times,  the  oil  finds  its  way 
into  the  grooves. 

The  s^ife  load,  on  the  disks,  may  be  taken  at  3000 
lbs.  per  square  inch,  when  the  bridge  is  turning.  On 
small  disks  the  pressure  may  be  as  high  as  6000  lbs. 
per  inch.  In  general,  the  safe  load  per  square  inch  on 
a  disk  depends  on  the  frequency  of  the  turning,  the 
angular  velocity,  and  the  lubrication  of  the  disk.  If 
the  disk  be  small,  so  that  the  oil  grooves  cut  a  com- 
paratively large  surface  from  the  disk  and  insure  lubri- 
cation, the  safe  load  may  be  higher  than  for  a  larger 
disk.  At  io,ocx)  lbs.  pressure  per  square  inch  there  is 
danger  fr9m  abrasion.  The  pin  and  centre  casting 
may  be  of  cast-iron  or  cast-steel. 
370.  Riveted  Pony  Truss  Swing  Bridges. — When  a  riveted  truss  design  is  used  instead 
of  the  plate  girder  bridge,  the  centre  bearing  is  generally  the  same  as  for  a  plate  girder.  The 
great  advantage  in  using  the  riveted  truss  design  for  lengths  from  100  to  160  feet  is  that  the 
trusses  can  be  made  in  two  halves  complete,  and  then  coupled  up,  over  the  centre,  by  means 
of  eyebars  with  pin  connections. 

Fig.  383  illustrates  a  method  of  coupling  up  the  two  halves  of  a  riveted  truss  swing  bridge. 
The  upper  chord  AA  being  at  all  times  under  tension,  we  can  here  use  eyebars  in  the  place 


Fia  382, 


Fig.  383. 
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of  riveted  members.  The  lower  chord  at  B  being  at  all  times  under  compression,  a  butt  joint 
can  be  used,  with  such  splicing  as  is  ordinarily  used  for  such  joints.  The  great  saving  in  this 
design  is  in  the  facility  with  which  the  coupling  at  A  can  be  made  in  the  field.  The  wlieels 
(fare  balance  wheels,  usually  four  in  number,  to  balance  the  bridge  when  swinging.  These 
wheels  are  not  supposed  to  carry  any  direct  load.  They  are  simply  intended  to  carry  any 
unbalanced  load  when  the  bridge  is  swinsjing.  caused  by  wind,  or  the  unstable  equilibrium  ol 
the  bridge  itself.     The  usual  method   for  designing  these    whct-ls  is  to  assume   an    unba'- 
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Fig.  384. 


anced  load  of  say  1000  lbs.  at  one  end  of  the  bridge  when  swinging.     As  their  duty,  at  all 

timeSy   is    not    severe,  they  are    usually    made    to    run  a  ^ 

on   a  heavy  T  rail,  which  is  bent  to  a  circle  and  laid 

directly  on  the  masonry. 

These  balance  wheels  are  necessary  in  all  forms  of 

centre-bearing  bridges,  whether  girder  or  truss  designs. 

All  of  the  previous  sketches  are  intended  for  through 

bridges.     When  the  distance  from  the  base  of  rail  to  the 

under  side  of  the  bridge  is  sufficient,  a  deck  bridge  is 

used.     The  method  of  supporting  a  deck  bridge,  at  the 

centre,  does  not  differ  materially  from  that  of  a  through 

bridge.     In  a  deck  bridge,  however,  it  is  desirable  to  have 

the  support  for  the  centre  as  high  up  as  is  possible,  that  is, 

as  near  to  the  centre  of  gravity  of  the  load  as  will  permit. 

This  necessitates  raising  the  centre  casting  up  to  the  required  level.     This    is  sometimes 

accomplished  by  placing  it  upon  a  pedestal.     The  usual  way,  l^owever,  is  to  change  the  form 

of  the  centre  casting.  Fig.  384  shows  the  cross-section  of  a 
deck  plate  girder  swing  bridge  near  the  centre.  The  centre 
casting  has  now  the  shape  of  a  frustum  of  a  cone,  and  is 
called  the  cone. 

371.  Centre  Bearing  on  Conical  Rollers. — In  all  of 
the  previous  designs  we  have  contemplated  a  sliding  friction 
at  the  centre  by  means  of  friction  disks.  In  spans  where 
rapid  and  frequent  swinging  is  required,  it  is  desirable  to  get 
rid  of  the  sliding  friction  at  the  centre.  Here  we  put  the 
load  on  a  nest  of  conical  rollers.  Fig.  385  shows  a  section  in 
elevation  and  a  plan  of  a  centre  bearing  on  conical  rollers.* 
The  conical  rollers  R  are  made  of  hard  steel.  The  box  is 
made  of  cast-iron  or  cast-steel.  In  using  this  form  of  centre 
great  care  should  be  taken  to  have  the  bearing  on  the  rollers 
at  all  times  true  and  level.  Any  inequality  of  bearing  on 
moving  parts  results  in  unequal  wearing.  If  some  of  the 
rollers  become  worn  more  than  others,  owing  to  unequal 
bearing,  imperfect  workmanship,  or  other  causes,  they  soon 
lose  their  proper  relative  position  in  the  nest,  and  begin 
^®*  385-  crowding  and  wearing  each  other.     Then  the  nest  becomes 

clogged  with  the  grindings,  and  the  efficiency  of  the  bearing  is  soon  destroyed. 

In  the  recent  designs  for  conical  rollers  this  trouble  is  anticipated,  and  in  order  to  guard 

against  it  the  rollers  are  encircled  by  a  collar,  or  live  ring- as  it  is  called.     Each  roller  is  then 

held  in  its  proper  position  by  a  small  rod  which  passes  through  its  centre.     The  outer  ends 

of  these  rods  are  fastened  to  the  live  ring.     The  inner  ends  come  together  on  a  hub  called 

the  spider.     This  device  insures  the  same  movement  in  all  of  the  rollers  at  the  same  time. 

The    safe    load    on    friction    rollers    is    given     by    the    formula  /  =  300^,  Art.  255.     For 

hard-steel    rollers   on   cast-iron    beds   use  /  =  250^/.     For   conical   rollers   use  the  average 

diameter  for  ^/. 

The  bearing  on  the  masonry  at  the  centre  may  be  taken  at  the  same  values  as  for  fixed 

spans,  when  the  bridge  is  closed  and  fully  loaded  with  live  !oad.     When  the  bridge  is  empty 

and  swinging,  the  above  values  may  be  doubled.     For  example,  if  the  permissible  bearing  on 


*  This  form  of  centre  bearing  was  invented  by  Mr.  Wm.  Sellers,  and  is  known  as  the  beilers  Centre. 
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the  masonry  is  300  lbs.  per  square  inch  for  fixed  spans,  then  for  swing  bridges  it  would  apply 
only  when  the  bridge  is  closed  and  fully  loaded.  When  the  bridge  is  empty  and  swinging, 
we  may  use  double  this  value,  or  600  lbs.  per  square  inch.  The  practice  simply  demands  a 
higher  value  for  the  bearing  on  the  masonry  when  the  bridge  is  swinging  than  when  it  is 
closed,  and  about  double  the  value  seems  rational. 

372,  Truss  Swing  Bridges. — As  truss  spans  can  be  bulk  either  with  pin  or  riveted 
connections,  a  discussion  of  one  will  apply  to  both.  In  this  country  the  common  practice  is 
to  use  pin  connections  for  long  spans.  This  applies  to  swing  bridges  for  all  lengths  above 
those  which  are  too  long  for  using  the  plate  girder  or  riveted  truss  design.  In  what  follows, 
all  truss  bridges  will  be  understood  to  be  pin  connected.  All  trusses  for  swing  bridges 
should  be  simple  in  design,  so  as  to  be  free  from  all  ambiguities  in  their  stresses  under  all 
possible  conditions  of  loading  and  temperature,  as  well  as  the  conditions  resulting  from  a 
rapid  variation  in  the  depth  of  the  trusses,  which  necessarily  involves  the  moment  of  inertia 
of  the  cross-section.  In  all  of  the  analysis  on  swing  bridges  it  has  been  assumed  that  the 
moment  of  inertia  of  the  continuous  girder  is  constant.  Any  great  departure  from  this 
assumption  invalidates  the  (correctness  of  the  assumption  and  vitiates  the  values  of  the  com- 
puted reactions.*  No  simple  classification  of  diflferent  types  of  truss  swing  bridges  can  be 
made.  In  general,  the  most  preferable  design,  everything  else  being  equal,  should  be  a  single 
truss  system  free  from  all  adjustable  members.  The  advantage  of  using  long  panels  can  be 
obtained,  as  in  all  fixed  spans,  by  secondary  trussing.  Inclined  upper  chords  for  through 
bridges  are  introduced  where  economy  of  design  dictates  their  use.  In  general,  it  may  be 
said  that  the  outline  for  the  trusses  of  a  swing  bridge  is  governed  by  the  same  rules  as  for 
fixed  spans.  The  most  economical  depth  at  the  centre  is  about  the  same  as  for  a  fixed  span 
having  a  length  equal  to  the  total  length  of  the  swing  bridge. 

373.  Unusual  Forms  of  Trusses. — Perhaps  a  good  way  to  illustrate  the  best  forms  for 
trusses  to  be  used  would  be  to  show  some  which  are  objectionable.    An  unusual  form  is  the 


w////yyM 


Fig.  386. 

triangular  pattern.     In  this,  all  of  the  lines  of  the  truss  form  triangles.     Fig.  386  shows  the 
outline  for  a  triangular  form  of  truss. 

The  principal  objection  to  this  form  of  truss  is  the  variation  in  the  depth  of  the  truss 
from  zero  at  the  ends  to  the  maximum  at  the  centre.  The  low  depth  of  the  truss  at  the  ends 
not  only  vitiates  the  value  of  the  reactions  obtained  by  assuming  a  uniform  moment  of  inertia, 
but  it  also  results  in  excessive  deflections  when  the  bridge  is  closed  and  the  live  load  is  on  one 
arm.  These  excessive  deflections  tend  to  bend  the  chords.  As  the  chord  joints  are  not  artic- 
ulated, the  bending  may  be  sufficient  to  give  the  chords  a  permanent  set.  This  has  actually 
occurred  in  two  instances  where  this  form  of  truss  has  been  used.  However,  this  form  ot 
truss  presents  some  advantages  which  should  not  be  lost  sight  of.  The  low  inclined  chords 
at  the  ends  will  aid  in  deflecting  a  possible  derailed  car  which  might  strike  the  bridge.  The 
form  of  the  truss,  also,  is  such  as  to  reduce  the  areas  exposed  to  wind  pressure  at  the  ends  of 


*  For  the  ordinary  American  practice  ihe  errors  introduced  by  the  varying  moment  of  inertia  practically  compen- 
sate for  the  errors  coming  from  neglecting  the  web  member?  ip  computing  the  continuous  girder  moments.  See 
Ar^.  178a,  p.  223. 
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the   arms,  making    it    somewhat  easier  to  handle  during  high  winds.     This  form  of  swing 
bridge  was  at  one  time  very  commonly  used  for  short  spans,  but  has  now  given  way  to  more 
economical  forms,  more  especially  the  plate  girder  and  the  riveted  truss  design. 
Fig.  387,  shows  another  form  of  truss  for  swing  bridges  which  is  objectionable. 


Fig.  387. 

The  objection  to  this  form  of  truss  design  lies  principally  in  the  central  portion  directly 
over  the  turntable.  Here  the  character  of  the  design  involves  an  uncertain  distribution  of 
loading  on  the  turntable.  Again,  the  counter-stresses  in  the  web  system  are  provided  for  by 
the  use  of  adjustable  rods,  which  are  objectionable  in  any  truss  design,  owing  to  their  ten- 
dency to  get  out  of  adjustment.  However,  the  most  important  objection  to  this  form  of  con- 
struction is  the  lack  of  economy  in  the  design. 

374.  Standard  Forms  of  Trusses.— As  previously  stated  the  most  desirable  form  of  truss 
design  is  that  which  is  free  from  adjustable  members  and  from  all  ambiguities  in  the  stresses 
arising  from  complex  systems  of  trusses.     Fig.  388  shows  a  standard  form  of  truss  for  spans 


Fig.  388. 

of  any  length.  The  principal  advantages  in  this  form  are,  economy  in  design,  a  minimum 
number  of  members,  the  absence  of  all  adjustable  members,  a  freedom  from  all  ambiguities  in 
the  stresses,  etc.  In  this  design,  the  members  AD  should  have  such  an  inclination  that  when 
the  bridge  is  fully  loaded,  the  members  AB^\\\  carry  the  greater  part  of  the  load  to  the  points 
B  on  the  turntable.  This  will  insure  a  better  distribution  of  the  maximum  load  on  the  turn- 
table. Another  advantage  in  this  form  of  truss  lies  in  the  use  of  the  links  shown  in  the  figure 
by  the  member ^-yJ.  Aside  from  their  primary  use  in  equalizing  the  loads  on  the  turntable  at 
points  B^  they  have  proven  useful  in  case  the  bridge,  when  swinging,  becomes  unbalanced. 
Such  a  condition  may  arise  in  case  the  bridge  is  struck  by  a  passing  steamer,  which  may  lift 
one  arm,  while  the  other  arm  deflects  downward.  If  the  joints  at  B  will  yield  so  as  to  allow 
the  arms  to  deflect  considerably,  the  bridge  may  remain  intact  on  the  turntable.* 

There  are  a  great  many  standard  forms  of  trusses  for  swing  bridges ;  in  fact,  too  many  to 
be  described  here.  The  authors  have  shown  in  Fig.  388  what  they  consider  the  best  form  of 
truss  for  swing  bridges.  However,  conditions  may  arise  which  may  compel  the  designer  to 
modify  this  design.  For  instance,  in  single  track  swing  bridges  it  frequently  happens,  when  it 
becomes  necessary  to  handle  the  bridge  by  steam  power,  that  the  engine  must  be  placed  over 

*  Such  an  accident  occurred  to  the  swing  bridge  of  the  St.  Louis  Southwestern  Railway  over  the  Red  River  at 
Garland  City.     The  bridge  was  built  from  C.  Shaler  Smith's  plans. 
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the  track.  In  that  event  it  becomes  convenient  to  have  vertical  centre  posts  to  support  the 
shaft  leading  vertically  down  from  the  engine-room  to  the  drum.  This  shaft  (there  are  some- 
times more  than  one  shaft)  is  always  vertical,  and  the  vertical  posts  at  the  centre  make  a  con- 
venient support  for  journal-boxes  holding  the  shaft.     This  condition  may  modify  the  form  of 


Fig.  389. 

truss  to  that  shown  in  Fig.  389.      Here  the  centre  posts  AB  are  vertical,  and  the  engine-house 
is  usually  supported  on  the  cross-girder  CC. 

375.  Methods  of  Supporting  Truss  Swing  Bridges  at  Centre. — Iruss  swing  bridges 
are  sometimes  made  centre  bearing,  similar  to  plate  girder  bridges,  where  the  available  depth 
from  base  of  rail  to  the  top  of  centre  pier  is  limited,  so  as  to  preclude  the  use  of  any  other 
form  of  support  at  the  centre.  However,  such  conditions  have  to  be  provided  for  by  special 
designs.  The  usual  method  of  supporting  the  trusses  of  a  swing  bridge  is  on  a  turntable. 
As  previously  stated,  if  the  trusses  of  a  swing  bridge  rest  on  a  circular  girder,  called  a  drum, 
which  in  turning  moves  upon  rollers,  the  bridge  is  said  to  have  a  rim-bearing  turntable.  The 
word  Turntable  comprises  the  entire  turning  arrangement  at  the  centre.     Fig.  390,  shows  the 
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outline,  in  plan  and  elevation,  of  a  rim-bearing  turntable  loaded  at  four  points   marked  P. 
This  form  of  loading  on  a  turntable  is  now  avoided  excepting  perhaps  for  highway  bridges. 

The  objections  to  loading  a  bearing  rim  at  four  points  only  is  that  it  is  impossible  to  get 
a  uniform  load  on  the  rollers,  no  matter  how  stifiF  we  make  the  circular  girder  or  drum. 


THE  t>ESIGlf  OP  SWING  BRIDGES, 


399 


The  fact  is,  in  this  form  of  turntable,  the  wheels  which  are  directly  under  the  loaded 
points  carry  the  entire  load.  The  result  is  that  the  rollers  and  the  tread  upon  which  they  roll 
soon  show  signs  of  unequal  wearing. 

The  common  method  of  loading  a  rim-bearing  turntable  is  to  distribute  the  load  from  the 
trusses  equally  over  eight  symmetrical  points.  Fig.  391,  shows  the  outline,  in  plan  and 
elevation,  for  a  rim-bearing  turntable  loaded  at  eight  points.  The  loads  from  the  trusses 
come  on  the  four  corners  of  a  square  box  PPPP.  The  four  sides  of  this  box  are  the  girders 
which  rest  directly  on  the  drum  at  the  eight  points  marked  B.  If  the  loads  at  P  are  equal, 
the  loads  at  B  must  be  each  equal  to  \P,  The  points  B  in  the  drum  can  be  spaced  at  equal 
distances,  by  assuming  the  proper  diameter  for  the  drum.  If  a  equals  the  side  of  the  square 
PPPPy  then  the  diameter  of  the  circle,  necessary  to  space  the  point  B  at  equal  distances  on 
the  drum,  =  1.0824^. 

Plate  IV  shows  the  general  design  for  a  rim-bearing  turntable. 

All  swing  bridges,  whether  centre  bearing  or  rim  bearing,  must  rotate  about  some  fixed 
point  or  centre  pin.  In  a  purely  rim-bearing  turntable  this  centre  pin  carries  no  load.  Its 
duty  is  simply  to  hold  the  turntable  in  position  with  reference  to  its  centre  of  rotation.  The 
fact  that  the  centre  pin  carries  no  load  is  one  of  the  objections  to  the  rim-bearing  turntable. 
The  centre  pin  usually  turns  in  a  centre  casting  which  rests  directly  on  the  masonry  (see 
Plate  IVa.  If  the  rollers  all  travelled  in  the  proper  circle,  the  centre  pin  would  not  tend  to 
move  laterally.  As  a  matter  of  fact,  the  rollers  are  constantly  getting  out  of  line  or  out 
of  their  propef  circle,  so  that  the  centre  pin  is  frequently  subjected  to  a  series  of  displacements 
laterally.  If  the  loads  are  comparatively  light,  the  pin  and  centre  casting  can  be  made  to 
withstand  this  tendency  to  displacement  by  anchoring  the  centre  casting  to  the  masonry. 

The  most  approved  design  for  a  turntable  has  the  weight  distributed,  so  that  a  portion  of 
the  loads  goes  to  the  centre  pin.  This  form  of  turntable  is  called  the  centre-bearing  and  rim- 
bearing  turntable  combined. 
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In  this  kind  of  a  turntable,  the  load  on  the  centre  pin  not  only  relieves  the  load  on  the 
rim,  whereby  the  bridge  turns  easier,  but  it  also  aids  in  holding  the  centre  pin  in  its  proper 
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position,  and  in  this  way  helps  to  keep  the  rollers  in  the  proper  circle.  Fig.  392  shows  the 
outline,  in  plan,  and  elevation  for  a  rim«  and  a  centre-bearing  turntable.* 

The  loads  from  the  trusses  come  on  the  four  corners  of  the  square  box  PPPP.  The 
four  sides  of  this  box  are  the  girders,  which  rest  on  eight  points  marked  A.  The  four  comers 
of  the  box  are  perfectly  free ;  so  that,  although  the  corners  P  come  directly  over  the  circle  of 
the  drum,  there  is  no  load  transmitted  to  the  drum  directly  under  the  point  P.  The  eight 
points  A  now  carry  the  entire  load  from  the  four  points  P.  The  load  at  A  is  then  transmitted 
to  the  two  adjacent  radial  girders  BC^  and  these  girders  in  turn  carry  a  portion  of  the  load  to 
the  centre,  and  the  remainder  to  the  rim.  In  this  manner,  the  load  which  comes  on  the  rim 
is  uniformly  distributed  over  sixteen  points.  This  form  of  turntable  gives  the  best  distribution 
of  loads,  and  consequently  turns  easier  than  any  other  form  of  turntable  in  use  in  this  country; 
that  is,  excepting,  of  course,  the  purely  centre-bearing  swing  bridges,  which,  properly  speaking, 
have  no  turntable. 

The  safe  load  on  static  rollers  may  be  taken  the  same  as  given  for  small  rollers,  Chap. 
XVIII;  that  is, /  =  6ock/.  The  safe  load  on  moving  rollers  maybe  taken  at  /  =  300^. 
This  value  ol  p  has  ample  margin  for  the  variation  in  the  hardness  of  the  different  materials 
used  for  rollers  and  treads,  unequal  bearing  of  rollers,  etc. 

376.  End  Lifting  Arrangements. — In  the  early  designs  for  swing  bridges  very  little 
attention  was  paid  to  the  proper  elevation  of  the  ends  of  the  arms  when  the  bridge  is  closed ; 
and  even  at  this  late  day  a  great  many  important  swing  bridges  are  built  by  contractors  with 
an  utter  disregard  of  the  condition  of  the  end  supports.  In  fact,  the  majority  of  swing  bridges 
have  no  provisions  for  lifting  the  ends  whatever ;  while  others  have  all  kinds  of  make-shifts, 
which  generally  shirk  their  duty  entirely.  It  is  safe  to  say  that  in  this  country  it  is  the  ex- 
ception to  find  a  swing  bridge  where  proper  provision  is  made  for  raising  the  ends  when  the 
bridge  is  closed.  It  has  been  shown,  in  Chap.  XII,  that  if  the  ends  are  not  raised  we  cannot 
obtain  the  conditions  necessary  for  a  beam  continuous  over  three  rigid  supports.  In  other  words, 
if  the  ends  are  not  raised,  we  must,  in  our  analysis  for  finding  the  stresses,  make  an  assump- 
tion which  will  satisfy  this  condition  of  the  ends  under  the  extreme  variations  of  temperature.f 
Now,  it  is  difficult  to  say  just  what  this  condition  should  be.  Furthermore,  if  the  ends  are  left 
free  to  hammer,  under  extreme  variations  of  temperature,  the  ends  may  be  thrown  out  of 
line  so  far  as  to  cause  derailment  of  a  train  coming  on  the  bridge.  In  fact  a  swing  bridge, 
wherein  no  proper  provision  is  made  for  raising  the  ends,  is  a  dangerous  structure  at  all 
times. 

In  the  previous  analysis  on  swing  bridges.  Chap.  XII,  two  conditions  of  the  ends  were 
assumed,  in  computing  the  stresses  due  to  dead  load  only.  First,  Case  I,  when  the  ends  were 
just  touching  their  supports  without  producing  any  positive  reactions.  Then,  in  Case  II,  the 
ends  were  assumed  to  be  raised,  so  that  the  reactions  were  equivalent  to  those  of  a  beam 
continuous  over  three  level  supports.  Now,  inasmuch  as  we  combine  the  live  load  stresses 
with  either  Case  I  or  Case  II,  it  follows  that  the  ends  should  at  all  times  be  raised  so  as  to 
satisfy  a  mean  between  those  conditions  assumed  for  Cases  I  and  II.  The  ends  could  probably 
be  raised  high  enough  to  satisfy  Case  II  for  the  time  being,  but  under  extreme  variations  of 
the  relative  temperature  of  the  two  chords  this  condition  would  be  changed  ;  so  that,  in  order 
to  satisfy  all  conditions  of  temperature  as  well  as  loading,  the  ends  must  be  raised  enough  to 
take  out  at  least  one  half  the  deflection  of  the  ends  of  the  arms  due  to  dead  load  under  Case 


*  This  form  of  turntable  is  now  used  exclusively  by  the  Detroit  Bridge  and  Il'on  Works. 

f  By  "  variations  of  temperature  "  in  this  chapter  is  meant  simultaneous  differences  of  temperature  of  the  two 
chords  (upper  and  lower)  of  a  drawbridge.  The  lower  chord  may  be  entirely  in  the  shade  while  the  upper  chord  is  en- 
tirely  in  the  sun,  and  this  may  cause  a  difference  of  temperature  in  the  two  chords  of  40*  or  50**  F.  At  night  the  Yari 
ation  may  be  in  the  opposite  direction. 
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I,  span  swinging.     This  would  still  leave  the  ends  of  the  arms  below  the  true  level  of  the 
lower  chord  ;  that  is  to  say,  one  half  the  deflection  would  still  remain  in  the  truss. 

The  proper  way  to  eliminate  this  remaining  deflection  in  the  arms  is  to  shorten  the  upper 
chord,  usually  in  the  centre  panel  or  those  adjacent  to  the  centre,  just  enough  to  raise  the 
ends  to  the  true  level  of  the  lower  chord. 

For  example,  assume  a  swing  bridge  400  feet  long  and  50  feet  deep  over  the  centre 
The  computed  deflection  of  the  ends  of  the  arms  under  Case  I  is,  say,  4  inches.  Now  if  the 
ends  were  raised  2j  inches  by  means  of  the  end  lifts,  there  remains  i J  inches  of  the  end  de- 
flection to  be  eliminated  by  shortening  the  upper  chord.  The  amount  that  the  upper  chord 
must  be  shortened  on  each  side  of  the  centre  is  if  X  -f^  =  0.44  inch  =  3^  of  an  inch.  This 
subject  will  be  taken  up  in  detail  further  on. 

The  simplest  form  of  an  end  lift  for  a  swing  bridge  is  that  in  which  the  ends  of  the  arms 
are  provided  with  wheels  which  rest  on  the  crowns  of  inclined  roller  beds.  Fig.  393  is  an 
elevation  of  the  end  of  a  truss  swing  bridge,  showing  the  wheels  R  resting  on  the  beds  B^ 
which  are  bolted  to  the  masonry. 
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Fig.  393. 

The  roller  beds  B  are  set  at  a  proper  elevation  to  give  the  end  reactions,  as  previously 
shown.  In  this  form  of  an  end  lift  it  becomes  necessary  to  use  some  form  of  automatic  latch, 
to  stop  the  wheels  from  rolling  over  the  top  of  the  beds  and  down  on  the  other  side.  When 
the  span  is  long,  so  that  it  can  acquire  considerable  momentum  in  turning,  the  automatic 
latch  can  no  longer  be  relied  on  to  bring  the  bridge  to  a  sudden  stop.  The  fact  that  the  ends 
must  be  lifted  by  the  very  energy  which  the  bridge  acquires  in  turning  implies  that  the 
bridge  must  have  a  good  angular  velocity  when  near  closing,  so  as  to  force  the  wheels  up  the 
inclined  beds.  This  energy,  or  shock,  which  is  taken  up  by  the  latch  is  transmitted  to  the 
masonry.  For  short  spans,  where  the  ends  are  to  be  lifted  about  i^  inches  or  less,  this 
method  of  lifting  is  effective  and  inexpensive.  It  is  especially  adapted  for  use  in  short  spans, 
which  have  to  be  opened  quickly;  the  rollers  being  once  started  down  their  inclined  beds,  the 
same  energy  is  imparted  to  the  moving  mass  of  the  bridge  which  was  necessary  to  raise  the 
ends. 

When  it  becomes  necessary  to  lift  the  ends  of  a  plate-girder  swing  bridge,  it  is  customary 
to  fix  the  end  wheels  on  the  masonry,  and  provide  the  ends  of  the  arms  with  beveled  plates, 
to  correspond  with  the  inclined  beds  previously  shown.     Fig.  394  gives  in  elevation  the  end 
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Fig.  394. 

of  a  plate-girder  swing  bridge,  showing  three  stands  of  end  wheels,  with  two  wheels  in  each 
stand.     The  inside  stand  of  wheels  carries  no  load  of  any  kind  when  the  bridge  is  closed 
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Its  duty  is  merely  to  assist  in  steadying  the  bridge  when  coming  on  or  rolling  off  the  end 
wheels.  It  should  be  stated  here  that  for  all  short-span  swing  bridges  the  ends  should  be 
raised  relatively  higher  than  for  long  spans.  For  example,  if  the  theoretical  deflection  of  the 
ends  due  to  dead  load,  Case  I,  were  such  that  we  should  have  to  give  the  ends  only  a  J-inch 
lift,  for  practical  reasons  we  would  make  it  probably  50  per  cent  more,  or  f  inch,  to  allow 
for  extreme  variations  in  temperature,  which  cannot  be  provided  for  by  any  assumptions  that 
.ve  might  make. 

.  There  are  other  simple  forms  of  end  lift,  such  as  the  wedge,  for  instance,  which,  however, 
do  not  lift  the  ends,  and  therefore  do  not  properly  belong  here.  What  they  do  is  simply  to 
give  the  ends  of  the  bridge  a  firm  bearing  for  certain  conditions  of  temperature,  and  prevent 
the  ends  from  hammering.*  Under  certain  conditions  of  temperature  changes,  the  ends 
may  not  touch  their  supports  at  all,  which  necessitates  a  new  adjustment  for  the  wedges* 
Again,  under  other  conditions  of  temperature,  the  wedges  may  be  held  so  firmly  in  place  as 
to  make  it  difficult  to  draw  them  out  from  under  the  ends  of  the  arms,  so  that  any  form  of 
end  lift  which  has  to  be  adjusted  for  different  conditions  of  temperature  is  usually  left  out  of 
adjustment,  because  it  is  impracticable  to  handle  the  bridge  otherwise. 

There  is  another  kind  of  end  lift,  suitable  for  short  spans,  which  should  be  explained  here. 
In  the  end  lift  just  described  the  shock  transmitted  to  the  masonry,  when  closing  the  bridge, 
may  be  so  objectionable  as  to  preclude  its  use.  The  form  shown  in  Fig.  395  should  then  be 
used. 


Fig.  395. 

In  this  form  of  end  lift  the  bridge  is  first  swung  into  line  and  latched  ;  then,  by  turning 
the  vertical  shaft  A^  the  wheels  B  revolve  about  their  centres,  and  at  the  same  time  force  the 
suspended  wheels  W  under  the  ends  of  the  arms. 

Let  Fig.  396  represent  the  motion  of  the  parts  of  the  end  lift  shown  in  Fig.  395.  Let  // 
represent  the  required  lift  of  the  arms  in  feet.     Let  R  represent  the  load  on  wheel  W  when 
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Fig.  396. 


R 


the  maximum  lift  has  been  attained.     Then  the  total  work  done  in  raising  the  end  =  —  x  A. 

2 

As  the  time  for  opening  or  closing  a  swing  bridge  is  usually  limited,  let  /  equal  the 

number  of  seconds  required  to  raise  the  ends;  then  the  mean  power  required  to  raise  the  ends 

2/     

♦  Sec  Plate  IV. 
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This  form  of  end  lift  is  well  adapted  for  use  in  spans  under  250  feet  long,  where  the 
distance  at  the  abutment  from  the  base  of  the  rail  to  the  masonry  is  limited. 

The  Screw-jack  or  Direct  Lift, — In  this  form  of  end  lift  the  load  at  the  ends  is  lifted 

directly  by  means  of  screw-jacks  placed  at  the  four  corners  of  the  bridge.    These  jacks  are  usually 

four  in  number.     They  are  all  connected  by  means  of  shafting  and  gearing,  and  are  worked  by 

a  motor  from  the  centre  of  the  bridge.     The  screw-jack  is  well  adapted  for  use  in  long  spans 

ivhere  the  value  of  A,  or  the  distance  through  which  the  ends  must  be  lifted,  is  a  large  factor. 

R  y.  h 
The  mean  power  required  to  raise  the  ends  is,  as  before, .     Fig.  397  shows  a  form  of 

Am 

screw-jack  under  one  end  of  a  bridge. 

No  attempt  is  here  made  to  show  the  actual  form  of  screw-jack  as  generally  used,  but 
the  illustration  is  adapted  to  show  simply  how  a  screw-jack  could  be  made  to  exemplify  the 
principles  used.  In  Fig.  397,  if  the  wheel  W\%  turned  we  turn  the  screw  in  or  out  of  the 
cylinder  C,  which  correspondingly  lowers  and  raises  the  end  of  the  span.  The  lower  end  of 
the  screw-shaft  turns  in  a  socket  in  the  pedestal  P. 

In  any  form  of  lift  wherein  the  multiple  of  force  of  the  moving  parts  of  the  mechanism 
remains  a  constant,  the  power  required  varies  directly  with  the  load.  If  the  load  is  uniformly 
varying,  the  power  increases  uniformly  to  the  end  of  the  lift. 
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Fig.  397. 


Fig.  398. 


In  Fig.  398,  let  /  be  the  half  length  of  a  swing  bridge  and  wl  =  fF  the  weight  of  one  arm. 
Let  R  represent  the  final  force  applied  to  the  end  lift,  which  we  can  assume  to  be  a  screw- 
jack.     Then  the  deflection 


d  = 


wr     Rr 

SEI      lET 


(I^ 


in  which  d  is  positive  downward. 
From  eq.  (i)  we  have 
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In  eq.  (2),  when  ^=  o,  ^  =  f  fT;  which  is  the  reaction  for  a  beam  continuous  over  three 
supports  and  uniformly  loaded. 

It  has  been  shown  that  the  full  amount  of  the  end  deflection  should  not  be  taken  out  by 
the  end  lifts,  but  rather  only  one  half  this  amount,  or  perhaps  a  little  more  than  one  half,  to 
allow  for  variations  of  temperature  of  the  two  chords;  so  that  R  should  not  be  \W,  but 
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rather  nearer  -^W.  The  value  of  R  then  varies  from  zero  to  about  -^W\  and  in  any  form  of 
end  lift,  such  as  the  screw,  the  force  applied  would  vary  in  the  same  ratio. 

Now,  in  order  to  equalize  the  horse-power  expended  in  lifting  the  ends,  the  speed  of  the 
engine  should  vary  inversely  as  the  force  required.  This  means  that  the  engine  would  some- 
times be  racing,  while  near  the  end  of  the  lift,  when  R  becomes  nearly  -j^  W^  the  piston  speed 
would  be  very  much  reduced ;  while  under  unfavorable  conditions  the  engine  might  become 
stalled.     To  preclude  the  possibility  of  such  an  occurrence,  the  engine  should  be  able  to 

develop  the  full  power  required  at  the  average  piston  speed  :  that  is, =  mean  power 

required ;  wherein  i?.=  ^J^  W^,  /  =  time  for  lifting  in  seconds,  and  h  is  the  value  of  d*  in  equa- 
tion (2)  when  R=:^W.  Now,  it  frequently  so  happens  that  the  maximum  horse-power 
required  is  for  lifting  the  ends,  and  not  for  turning  the  bridge ;  so  that  probably  an  engine  of 
less  capacity  could  be  used  if  some  means  were  employed  by  which  the  multiple  of  force  used 
in  the  end-lifting  arrangement  were  made  to  vary  with  the  load.  This  is  practically  accom- 
plished  in  the  end  lift  known  as  the  ram,  which  is  described  further  on. 

The  objections  to  the  screw-jack  apply  in  general  to  all  similar  forms  of  end  lifts — that  is, 
where  no  provision  is  made  for  varying  the  multiple  of  force  with  the  load.  Notable  among 
the  similar  forms  of  end  lifts  is  the  hydraulic  jack.  Here  the  load  is  lifted  by  a  hydraulic 
ram  instead  of  a  screw ;  and  the  medium  for  transmitting  power  is  glycerine  or  alcohol, 
instead  of  gearing  and  shafting.  Although  this  is  a  most  useful  means  of  doing  work  in  all 
forms  of  mechanism,  it  is  objectionable  for  lifts  for  swing  bridges  on  account  of  its  tendency 
to  leak.  Swing  bridges  have  been  built  which  can  be  raised  and  lowered  bodily  by  means  of 
hydraulic  jacks  at  the  centre.  The  work  done  in  raising  a  bridge  bodily  is  considerably  more 
than  the  work  done  in  raising  the  ends.  Their  ratio  is  about  as  five  to  one.  Among  such 
examples  may  be  mentioned  the  Harlem  River  Bridge  of  the  Manhattan  Elevated  Railway  in 
New  York.t     This  bridge  is  lifted  bodily  from  the  centre  by  means  of  a  hydraulic  jack. 
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Fig.  399. 

377.  The  Ram  with  Toggle-joints. — In  this  form  of  end  lift  the  multiple  of  force  is 
varied,  so  that  it  is  a  minimum  at  the  beginning  of  the  lift  and  a  maximum  at  the  end. 

Fig.  399  shows  in  outline  the  form  of  mechanism  employed  in  the  ram.     No  attempt  is 

*  This  value  of  </,  however,  is  obtained  in  another  way  more  accurately  by  computing  the  actual  deflection  of  the 

=  d 
*nds  of  the  arms,  and  taking  A  .     -. 

>  2 

\  This  bridge  was  designed  by  Mr.  Theodore  Cooper,  C.E. 
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here  made  to  show  the  actual  form  of  the  parts  used.  The  screws  5,  one  at  each  end  of  the 
bridge,  are  turned  by  means  of  shafting  and  gearing  from  the  centre  of  the  bridge.  As  the 
screws  turn,  the  nuts  N^  called  the  cam  nuts,  travel  in  guides,  up  or  down,  on  the  screws, 
which  action  shortens  or  lengthens  the  toggle-joints,  and  at  the  same  time  lowers  or  raises  the 
ends  of  the  bridge. 

In  Fig.  400,  let  R  represent  the  end  reaction,  which  equals  the  load  to  be  lifted.  As  pre- 
/iously  shown,  R  may  vary  from  zero  to  -^  W,  Let  ay  6,  c  represent  the  toggle-joint  fixed  at 
a.    The  toggle  is  worked  in  and  out  by  means  of  a  horizontal  bar  H^  which  is  coupled  at  e  to 


H 


Fig.  40a 

the  arms  fe  and  ed.     The  distance  ddf  represents  the  travel  of  the  cam  nut,  which  receives  a 
thrust  =  P  from  the  screw. 

Let  /^represent  the  thrust  in  the  arm  ed from  the  cam  nut  at  d\  then  we  have 


/^=  -  cosec  A 
2 


p 

S=  -  sec  0,* 
2 


11=  Fcos^+5sm0; 


But 


.*.//'= -(cot  e  +  tan0). 

mi 

/r=2ietan0; 


..p^^i^JpA \ (3) 

^  Vcot  /9  +  tan  0/  ^^' 


From  eq.  (3)  we  see  that  when  -^  =  o,  P  =  o ;  also,  when  0  =  o  we  again  have  P^O. 
That  is  to  say,  P,  which  is  the  thrust  on  the  cam  nut,  and  consequently  may  represent  the 
effort  of  the  motor  in  lifting  the  ends,  is  zero  for  minimum  and  maximum  values  of  R. 

In  Fig.  401,  the  curve  0/?rf  represents  the  effort  of  the  engine  during  a  piston-travel  Od, 
when  the  lifting  arrangement  is  such  as  previously  described.  The  straight  line  Oe  represents 
the  effort  of  the  engine  during  the  same  piston-travel  when  lifting  the  ends  with  a  direct  lift 
such  as  the  screw-jack. 

*  Since  the  vertical  component  in.  fe  —■  vert.  comp.  in  /^=  ~,  as  5e  is  horizontal. 
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From  the  figure  we  see  that  the  maximum  effort  of  the  engine  in  the  first  case  is  much 
less  than  in  the  second — which  proves  that  the  ram  is  a  better  form  of  lift  than  the  screw. 

The  dotted  curve  Oa!d'  represents  the  curve  of  effort  for  an  end  lift,  wherein  the  horizon- 
tal  bar  H  described  in  Fig.  400  is  omitted,  and  where  deb,  which  is  now  one  straight  member, 
comes  into  a  horizontal  position  when  abc  becomes  vertical    This  curve  shows  that  without 


Flaton  Travel 

Fig.  401. 

the  horizontal  bar  H  the  ram  is  not  as  efficient  as  the  screw,  for  which  the  curve  of  effort  is 
represented  by  the  straight  line  Oe^. 

These  curves  were  all  plotted  from  actual  examples,  and  clearly  show  the  advantage  in 
using  the  ram  as  compared  with  any  other  known  form  of  end  lift.  For  any  given  case  the 
areas  of  the  figures  Oad  and  Oa'd\  and  the  triangles  Oed  and  Oe^d\  are  all  equal  to  each 

other,  as  they  represent  the  total  effective  work  done, ,  regardless  of  the  manner  in 

which  the  ends  are  lifted. 

378.  Machinery  for  Operating  Swing  Bridges. — The  machinery  for  operating  swing 
bridges  comprises  all  the  machinery  necessary  for  raising  and  lowering  the  ends,  as  well  as 
for  turning  the  bridge.  Swing  bridges  are  usually  operated  either  by  hand  power  or  steam 
power.  Electricity  has  been  applied  for  operating  them ;  but  here,  as  in  all  similar  applica- 
tions of  electricity,  it  is  only  a  means  of  transmitting  power  from  the  steam-engine  or  the 
turbine.  Gas-engines  have  also  been  employed  for  driving  the  machinery  for  swing  bridges; 
but  in  any  case,  whatever  may  be  the  source  of  the  power  employed,  the  motor  which  drives 
the  moving  parts  of  the  machinery  must  be  attached  to  the  motor  shaft,  so  that,  in  designinf^ 
the  machinery  necessary  for  operating  a  swing  bridge,  the  kind  of  power  to  be  employed  need 
not  enter  into  consideration  at  all  until,  perhaps,  we  come  to  provide  the  necessary  space  for 
the  motor,  its  attachments  to  the  motor  shaft,  etc. 

The  simplest  means  for  turning  a  swing  bridge  would  be  to  pull  the  ends  of  the  bridge 
into  position,  for  opening  or  closing,  by  means  of  a  rope  attached  to  one  end  ;  and  this  is  a 
good  method  to  employ  for  turning  any  swing  bridge  whenever  the  machinery  becomes  dis- 
abled and  no  other  means  are  at  hand  for  applying  the  available  steam  or  hand  power. 

The  force  necessary  for  turning  is  usually  applied  to  the  circular  girder  or  drum  in  rim- 
bearing  bridgts.     In  centrt*bearing  bridges  the  force  is  applied  to  seme  member  of  the  bridge 
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proper,  usually  a  cross-girder  or  floor-beam.  It  frequently  happens  that  one  arm  of  a  swing 
bridge  moves  over  dry  land.  In  that  case  it  may  be  convenient  to  apply  the  force  necessary 
for  turning  at  one  end  of  the  bridge.  This  will  enable  the  designer  to  place  all  of  the 
machinery  for  operating  the  bridge  on  dry  land.  However,  for  many  reasons  it  is  desirable 
to  have  the  motor  and  all  the  necessary  machinery  on  the  bridge  self-contained,  so  that  the 
foregoing  plan  cannot  be  recommended. 

In  this  article,  only  such  machinery  will  be  described  as  is  ordinarily  used  in  operating 
swing  bridges;  that  is,  where  the  force  necessary  for  turning  is  applied,  near  the  centre  of  the 
bridge,  through  one  or  more  pinions  which  mesh  with  the  teeth  on  a  circular  rack.  The 
pinions  are  keyed  to  vertical  shafts,  and  when  more  than  one  pinion  is  used  they  are  usually 
placed  in  pairs  diametrically  opposite  to  each  other.  The  vertical  shafts  are  connected 
through  bevel  gears  with  a  horizontal  shaft,  which  in  turn  is  connected  by  gearing  to  the 
motor  shaft,  usually  called  the  engine  shaft. 

379.  Resistances. — The  work  to  be  done  in  operating  a  swin^  bridge  is:  first,  the 
lifting  of  the  ends,  which  of  course  includes  the  work  done  in  overcoming  the  resistances  of 
all  the  moving  parts,  as  well  as  the  internal  friction  of  the  engine ;  second,  the  work  done  in 
turning  the  bridge,  which  includes  the  work  done  in  overcoming  the  resistances  due  to  inertia, 
wind  pressure,  and  the  resistances  of  all  the  moving  parts.  The  frictional  resistances  are : 
rolling  friction  between  the  rollers  and  the  top  and  bottom  treads ;  sliding  friction  between 
the  disks  under  the  centre  pin,  and  between  the  collars  on  the  spider-rods  and  the  rollers  ;  and 
the  resistances  of  the  machinery,  which  may  include  both  rolling  and  sliding  friction.  The 
resistance  of  inertia  is  the  force  required  to  accelerate  the  motion  of  the  bridge.  The  resist- 
ance due  to  wind  pressure  is  indeterminate  and  can  only  be  arrived  at  approximately.  If  the 
wind  blew  perfectly  steady,  so  that  the  pressure  is  uniformly  distributed  over  the  exposed 
area,  it  would  offer  no  resistance  to  the  turning  of  the  bridge,  as  the  pressure  on  one  side  of 
the  centre  would  equalize  that  on  the  other  whatever  the  direction  of  the  wind.  The  wind, 
however,  never  blows  steadily,  but  in  gusts,  and  the  pressure  is  never  uniformly  distributed, 
so  that  for  a  long-span  swing  bridge  the  velocity  at  one  end  seldom  equals  that  at  the  other. 
When  it  becomes  necessary  to  open  and  close  a  swing  bridge  in  all  kinds  of  weather,  the 
motor  used  should  be  capable  of  developing  sufficient  power  to  turn  the  bridge  when  the 
maximum  and  minimum  velocities  of  the  highest  wind  under  which  it  is  considered  safe  to 
operate  a  swing  bridge  are  acting  on  the  opposite  ends  at  the  same  time. 

Although  it  will  be  sh.own  that  the  unbalanced  wind  pressure  may  offer  the  greatest 
resistance  to  turning  and  frequently  determines  the  horse-power  to  be  used  in  operating  the 
bridge,  the  various  resistances  to  be  overcome  will  be  here  considered. 

In  what  follows  it  will  be  convenient  to  reduce  all  the  various  resistances  to  lifting  and 
turning  to  work  done  in  foot-pounds  per  second,  including  the  losses  due  to  t}ie  transmission 
of  power  through  the  gearing,  etc. 

Lifting  the  ends. 

Let  R  =  ffF  represent  the  total  load  to  be  lifted ; 
k  =  the  total  lift  in  feet ; 
/  =  time  in  seconds  for  lifting. 

Then,  since  the  maximum  rate  at  which  thework  is  done  is  that  at  the  end  of  the  lift 
where  the  reaction  is  R^  we  have  for  the  power  required, 

HXA      zWh 


Power  = 


16/ 


TKis  represents  the  maximum  rate  at  which  the  work  is  done,  in  foot-pounds  per  second, 
at  the  ends  which  are  to  be  lifted,  and  does  not  include  the  power  lost  in  the  resistances  oi 
tlie  moving  parts  of  the  machinery^ 
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Turning  the  Bridge, — In  determining  the  power  necessary  for  turning,  it  will  be  most 
convenient  to  first  find  the  resistances  to  turning,  and  then  determine  their  equivalents  at  the 
pitch  circle  of  the  rack,  since  it  is  at  this  point  that  the  force  to  overcome  them  is  applied. 
Rolling  Friction. 

Let  7?,  =  radius  of  the  drum ; 
R  =  radius  of  rack  circle ; 
Wr  =  weight  on  rollers  under  drum ; 
0j  =  coefficient  of  rolling  friction ; 
Fr  =  force  at  rack  required  to  overcome  rolling  friction* 

Then 

^  =  0j  ^''ns'*  ••       ••••••••••(4) 

SKding  Friction  between  Disks. 

Let  R  =  radius  of  the  rack  circle ; 
IVg  =  weight  on  the  centre  pin ; 
d  =  diameter  of  disks ; 

0j  =  coefficient  of  sliding  friction  between  disks; 
Fg  =  force  at  rack  required  to  overcome  sliding  friction. 

Then 

F.^O^W.^ (5) 

Collar  Friction, — For  the  friction  of  the  washers  and  collars  at  the  ends  of  the  spider  rods, 

Let  r,  =  interior  radius  of  collar ; 

r,  =  exterior  radius  of  collar ; 

r  =  radius  of  the  rollers ; 

0,  =  coefficient  of  collar  frictioa 

Wr  =  weight  on  the  rollers; 

R  and  7?,  the  same  as  before ; 

Fg  =  force  at  rack  to  overcome  collar  friction. 

2r 
Then  the  force  with  which  the  rollers  are  pressed  against  the  collars  =  W^^  X  "S"-* 

From  mechanics,  the  lever  arm  of  the  friction  or  the  radius  of  the  circle  at  which  the 

2  ^  * f^ 

total  friction  may  be  considered  to  act  =  —  X  ~h 1« 

3  ^9—^1 

The  ratio  of  the  force  at  the  rack  to  the  force  at  the  centre  of  the  track  required  to  ovcr- 

come  the  collar  friction  =  -—-.    Then 

R 

Wind. — To  find  the  effect  of  the  wind,  let  p  —  the  unbalanced  wind  pressure  acting  on 
one  arm,  and  let  f  :=  the  distance  of  the  centre  of  pressure  on  any  member  from  the  vertical 
plane  through  the  centre  of  rotation  and  parallel  to  the  direction  of  the  wind,  the  direction  of 
the  wind  being  assumed  to  be  normal  to  the  plane  of  the  truss;  let  a  =  area  of  that  member, 
and  let  F„  =  a,  force  which  placed  at  the  rack  would  balance  the  total  unbalanced  wind 
pressure.     Then,  since  R  =  the  radius  of  the  rack  circle,  we  have 

^^  =  —R i7> 


*  This  method  of  computation  assumes  that  the  rollers  are  pressed  outwards  by  the  weight  upon  them  to 
the  same  extent  as  if  no. friction  existed  between  track  and  rollers.  This  gives  a  value  for  the  pressure  against 
the  collars  largely  in  excess  of  the  true  value. 
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However,  it  is  sufficiently  accurate  to  consider  the  total  wind  pressure  as  acting  at  a 
distance  g  from  the  centre  =  one  quarter  the  length  of  the  bridge ;  then  letting  P  =  the  total 
wind  pressure,  we  have 

^.  =  ^ (8) 

Inertia. — The  work  done  in  overcoming  the  inertia  of  the  bridge  is  equivalent  to  the 
kinetic  energy  acquired  by  the  total  rotating  mass  when  the  maximum  angular  velocity  has 
been  attained,  and  this  same  amount  of  work  will  have  to  be  done  in  bringing  the  bridge  to 
rest ;  although,  in  the  latter  case,  the  resistances  due  to  friction,  and  perhaps  wind,  retard  the 
motion  of  the  bridge  and  assist  in  bringing  it  to  rest. 

In  order  to  determine  the  kinetic  energy  acquired,  it  is  necessary  to  find  the  moment  of 
inertia  of  the  entire  bridge  with  reference  to  its  axis  of  rotation.  However,  it  is  sufficiently 
accurate  to  consider  the  bridge  to  be  a  rectangular  parallelopipedon  of  uniform  density  and  of 
the  same  weight,  whose  length  and  width  are  the  same  as  those  of  the  bridge,  and  whose 
depth,  or  dimension  parallel  to  the  axis  of  rotation,  is  any  convenient  quantity. 

To  find  the  mass  which,  placed  at  the  pitch  circle  of  the  rack,  would  produce  the  same 
moment  of  inertia : 

Let  R  =  radius  of  rack  circle ; 
M  =  mass  at  rack  circle ; 
/  =  moment  of  inertia  of  entire  bridge. 

Then 

Let  V  =  maximum  linear  velocity  at  rack  circle; 
/  =  time  for  uniform  acceleration; 

V 

a  =s  rate  of  acceleration  =  •-• 

Then  the  kinetic  energy  attained  for  the  velocity  v  at  the  end  of  /  seconds  =  \Mv^^  and 
the  constant  accelerating  force  applied  at  the  rack  circle  is 

Fa  =  Ma^j^. (9) 

380.  Summary  of  Resistances  in  Turning.— Summing  the  resistances  at  the  rack 
circle,  we  have 

F^Fr  +  K^F,  +  F^  +  F,, (10) 

which  is  the  force  to  be  applied  at  the  rack  circle  to  overcome  all  the  external  resistances. 

Resistances  of  the  Machinery. — The  losses  due  to  the  resistances  of  the  moving  parts  of 
the  machinery  are  usually  expressed  in  percentages  of  the  net  resistance  at  the  rack  circle  or  at 
the  ends  of  the  bridge.  These  losses  can  only  be  determined  by  experiment,  but  are  nearly 
a  constant  for  any  given  arrangement  of  machinery.  For  swing  bridges  the  loss  due  to 
resistance  of  the  machinery  is  usually  taken  at  100  per  cent  of  the  work  done  at  the  pitch 
line  of  the  rack  circle  in  turning  the  bridge,  or  at  the  ends  of  the  bridge  in  lifting  the  ends : 
then 

Total  power  required  in  lifting    =  2f— ^j  ft.-lbs.  per  second;  i 


CA  *€  M  « 


turning  =  2Fv  ftJbs.  per  second. 
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The  time  /  for  lifting,  and  the  time  /  for  acceleration  in  turning,  having  separate  values. 

381.  Design    for    Engine. — For  Lifting  the  Ends. — The   total  horse-power   required, 
including  all  resistances  of  the  machinery,  is 


2 


^ZWh\ 


H.R  =     ^  '^  -  ; (12) 

550     •  ^     ^ 

in  which  /  =  time  in  seconds  for  lifting ; 
h  =  total  lift  in  feet ; 
W  =^  total  load  in  pounds  to  be  lifted. 

For  Turning  the  Bridge, — If  it  is  desired  to  uniformly  accelerate  the  motion  of  the  bridge 
during  the  first  half  of  the  quarter  turn,  and  uniformly  retard  the  motion  during  the  last  half, 
then  /,  the  time  for  acceleration,  becomes  one  half  of  the  whole  time  consumed  in  opening  the 
bridge. 

If  it  is  desired  to  open  the  bridge  by  accelerating  it  until  it  attains  a  given  velocity,  which 
is  to  be  maintained  until  the  motor  is  reversed  or  the  brakes  put  on,  when  the  bridge  is 
brought  to  rest,  then, 

Let  T  =  time  required  for  opening  the  bridge; 
Z  =  J  circumference  of  rack  circle ; 
V  =  maximum  linear  velocity  at  rack  circle ; 
/  =  space  on  rack  circle  in  which  bridge  is  to  be  accelerated ; 
/,  =  space  on  rack  circle  in  which  bridge  is  to  be  retarded  ; 
Z  —  (/+  A)  =  space  on  rack  circle  in  which  bridge  is  to  have  a  uniform  velocity  of  v ; 
/  =  time  for  acceleration  ; 
/,  =  time  for  uniform  velocity  v\ 
/,  =  time  for  retardation. 

Then 

V  ■  V  V 

.■.v  =  ^-±^ (.3) 

When  /=  /j  =  — ,  which  is  usual,  we  have 

^-^^ (14) 

The  value  of  v  is  then  substituted  in  the  equation  for  the  power  required  in  turning 
(eq.  II).    Then  the  total  horse-power  required  in  turning  is 

H.P.  =  ^, (,5) 

550'  •    •    V  5; 

where  F  is  the  total  force  applied  at  the  rack  circle  by  eq.  (10),  and  v  is  the  maximum  linear 
velocity  at  the  rack  circle. 

Having  determined  upon  the  horse-power  to  be  used,  which  determines  the  elements  of 
the  motor,  we  can  then  work  back  from  the  motor  through  the  various  parts  of  the  machinery 
to  the  rack  circle,  or  to  the  ends  of  the  bridge,  and  make  every  part  capable  of  resisting  the 
greatest  force  which  can  come  upon  it  from  the  motor.      In  that  case  it  is  customary  to 
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assume  all  the  parts  to  move  without  any  resistance,  which  is  an  error  on  the  side  of  safety. 
Then  the  total  work  done  by  the  motor  in  foot-pounds  per  second  =  H.P.  X  550. 

Assume  the  motor  to  be  a  steam-engine. 

Let  n  =  greatest  number  of  revolutions  of  engine,  or  maximum  engine  speed,  per  minute ; 

—  =  length  of  engine  crank ; 

d  =  diameter  of  cylinder  in  feet ; 
m  =s  ratio  of  diameter  of  cylinder  to  stroke,  or  f»  =s  —  ; 

p  =  steam  pressure  in  pounds  per  square  foot. 
Then  for  an  engine  taking  steam  during  the  full  stroke, 

H.P.  X  550  =  2//5^  =  IT; (16) 


m 


=  y/»;4i^. (,7) 


pnl^n 

But  d=i  my,  ly  from  which  knowing  wr,  and  assuming  a  value  for  /,  we  can  find  d. 

All  motors  used  for  swing  bridges  should  be  reversible  and  capable  of  exerting  their 
maximum  force  during  any  part  of  a  revolution.  If  the  motor  be  a  steam-engine,  the  engine 
should  be  of  the  double-cylinder  type  *  with  a  link  motion  for  reversal.  The  size  of  the  cylin- 
ders should  be  such  that  the  engine  would  be  capable  of  exerting  the  full  force  required 
during  any  part  of  the  stroke.  With  such  a  motor,  a  swing  bridge  can  be  turned  in  either 
direction,  and  by  reversing  the  motor  it  can  be  used  as  a  brake.  This  is  very  important  in 
bridges  which  have  to  be  opened  or  closed  rapidly,  or  handled  during  high  winds. 

382.  Constants. — The  coefficient  of  rolling  friction,  0, ,  as  determined  in  the  experiments 
on  the  Thames  River  Bridge,f  was  0.003.  The  coefficient  0, ,  for  sliding  friction,  may  be 
taken  at  o.i.  The  coefficient  0,,  for  collar  friction,  maybe  taken  the  same  as  for  sliding 
friction.  In  the  formula  for  the  effect  of  unbalanced  wind  pressure,/  may  be  taken  as  the 
pressure  due  to  a  wind  velocity  of  thirty  miles  per  hour,  or/  =  7^  X  .004  ==  3.6.  However, 
when  the  unbalanced  wind  pressure  is  due  to  a  wind  velocity  of  thirty  miles  per  hour  it  is  the 
predominating  resistance.  Such  an  unbalanced  wind  pressure  may  never  occur  when  the 
bridge  is  swinging ;  and  it  is  customary,  when  it  is  considered,  to  neglect  all  other  resistances. 
In  other  words,  the  motor  would  then  be  able  to  hold  the  bridge  only  against  the  unbalanced 
wind,  as  a  brake,  without  attempting  to  turn  the  bridge  against  the  wind. 

Let  P=z  total  unbalanced  wind  pressure; 

^=  distance  of  centre  of  pressure  from  the  centre  of  bridge ; 
R  =  radius  of  rack  circle  ; 
F^  =  force  at  rack  circle  to  balance  P. 

Then     F„=  —;  and  the  total  horse-power 

«-p=^''    ••('«) 

in  which  v  is  the  velocity  at  the  rack  circle  when  the  unbalanced  wind  pressure  occurs.  The 
value  of  V  is  taken  about  one  half  the  maximum  value,  or  when  no  unbalanced  wind  pressure 
is  considered. 

*  This  form  of  engine  is  commonly  known  as  the  marine  engine. 

f  See  a  paper  on  the  Experimental  Determination  of  Rolling  Friction  in  operating  the  Thames  River  Bridge,  in 
^^ol.  XXV  of  the  Transactions  of  the  Amedcao  Secitty  of  Civil  Engintvrt,  by  Alfred  P.  Boiler,  Jr.,  and  H.  J.  Schu^ 
machtr. 
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Design  of  a  21  6-foot  Swing  Bridge. 

383.  Data. — The  following  data  will  be  taken : 

A  single-track  swing  bridge  216  feet  long,  to  be  operated  by  hand  power  exclusively. 
Two  trusses  placed  16  feet  apart  (14  feet  in  the  clear). 

Four  panels  in  each  arm 25  ft.  o  in.  =s  100  ft.  x  2  =  200  feeL 

One  centre  panel =    16   •* 


Total  length  centre  to  centre  of  end  pins. 

Depth  of  trusses  25  feet  at  ends  (21  feet  clear).    ' 

"        "        "      40  feet  "  centre  ("    "        "  ). 
Distance  from  base  of  rail  to  under  side  of  bridge  not  limited. 
Distance  from  base  of  rail  to  top  of  centre  pier  not  limited. 


ss2l6  " 


The  links  at  EE,  Fig.  402,  being  at  all  times  practically  vertical,  the  stresses  in  the  two  members  £V 
are  at  all  times  equal  to  each  other. 

384.  Floor  System  and  Laterals. — Having  fixed  upon  the  outline  of  the  trusses,  the  design  of  the  floor 
system,  that  is,  the  stringers  and  floor-beams,  follows  as  described  in  Chapter  XXI. 

The  next  step  will  be  to  design  the  wind  trusses,  or  lateral  systems. 
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Bottom  Laterals, — Make  all  the  diagonals  of  angles  with  riveted  connections,  so  as  to  resist  both  tension 
and  compression. 

When  it  is  possible  to  do  so,  the  laterals  should  be  riveted  to  the  flanges  of  the  stringers  at  their  inter* 
section. 

The  laterals  in  the  middle  panel  ee.  Fig.  403,  may  or  may  not  be  omitted,  according  to  the  arrangement 
of  the  turntable. 

Top  Laterals  (Fig.  404). — Make  all  the  diagonals  of  angles.  Make  all  the  bracing  for  portals  at  B,  D 
and  E  of  angles.    Make  all  the  struts  at  C  and  E  of  angles. 

B 
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FI6.  404. 

When  the  bridge  is  swinging,  the  entire  wind  pressure  on  the  top  lateral  system  goes  to  the  turntable. 
The  wind  forces  accumulating  at  D  are  transmitted  to  the  turntable  by  means  of  direct  bending  in  the  posts 
Be  (see  Fig.  402). 

The  laterals  in  the  panel  DE^re.  omitted.  The  lateral  wind  force  at  E  is  transmitted  to  the  turntable 
by  means  of  direct  bending  in  the  posts  E'e. 

When  the  bridge  is  closed  and  the  ends  are  raised,  the  portion  of  the  wind  forces  which  goes  to  the 
abutment  is  transmitted  by  means  of  direct  bending  in  the  end  posts  aB. 

The  stresses  in  the  lateral  systems  are  analyzed  as  shown  in  Chap.  XII.  The  bending  moments  in 
the  posts  are  computed  on  the  assumption  that  the  ends  are  fixed  as  shown  in  Chap.  X,  Art.  151. 
These  bending  moments  are  used  in  proportioning  the  posts,  and  combined  with  the  direct  stresses  from 
the  vertical  loads. 
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385.  Dead  Load. — Having  dimensioned  all  of  the  parts  which  are  not  influenced  by  the  stresses  in  the 
main  trusses,  their  weights  may  be  computed.  We  need  therefore  only  assume  the  weight  of  the  main 
trusses.  However,  we  know  that  the  weight  of  the  main  trusses  for  any  swing  bridge  is  about  the  same  as 
for  a  fixed  span  of  the  same  length  minus  the  weight  of  the  turntable  to  be  used. 

We  can  then  assume  for  computations  : 

Total  weight  of  two  main  trusses =  135,000  lbs. 

floor  system  (computed)  =    70,000  ** 
*'  lateral  systems  (    "        )  =    17,500  " 


4«  «<  « 

44  «f 


Total  weight  of  iron-work  above  turntable  =  222,500 
Check  :  5/''—  50/=  total  weight  of  iron-work. 

Assume  dead  load  per  foot  =  w  (iron)  +  400  lbs.  (track). 

The  stresses  are  then  computed  for  the  various  cases  as  shown  in  Chap.  XII,  and  the  members  are  pro- 
portioned as  shown  in  Chap.  XVII. 

Having  proportioned  the  main  trusses,  their  weight  is  computed,  so  that  we  finally  get  the  computed 
weights  of  all  the  iron- work  above  the  turntable. 

386.  The  Turntable,  including  the  turning  and  end-lifting  arrangements. 

Let  us  assume  that  the  total  weight  of  the  iron-work  above  the  turntable  came  out  as  assumed,  5/'  —  50/ 
=  222,500  lbs. 

Weight  of  iron-work  above  turntable  =  222,500  lbs. 
"        **  track  =  2i6  X  400  =    86,400   " 

Total  dead  load  on  turntable     =  308,900   •* 
Maximum  live  load  on  turntable  (Case  IV)  =  (say)  405,000   •• 

Total  live  load  +  dead  load  on  turntable     =    "      713.900    •* 

The  turntable  to  be  used  is  to  be  rim-bearing  and  centre-bearing  combined.  (See  Fig.  405  for  general 
outline  of  turntable.)  The  total  load  on  the  turntable  comes  on  the  four  corners  P  of  the  square  formed  by 
the  longitudinal  and  transverse  girders,  as  explained  in  Art.  375  of  this  chapter. 

p 

If  P  is  the  load  on  each  corner,  then  one  half  goes  each  way  to/,  so  that  the  load  at  p  is  — .     The  load 

at  p  is  carried  equally  to  the  two  adjacent  radial  girders  by  means  of  short  cross-girders  aa^  called  dia- 
phragms. The  load  at  a  is  then  again  divided,  a  portion  going  to  the  centre  C  and  the  remainder  to  the 
sixteen  points  d  on  the  rim.    For  this  case 

4P  X  8.8 

the  load  on  the  rim      = =  3.ii5/'» 

II. 3 

lP  X  2.? 
and  the  load  on  the  centre  = =  0.885/*. 

"•3 

The  longitudinal  and  transverse  cross-girders  are  designed  as  simple  beams  supported  at  /,  and  loaded 

at  each  end  by  a  load  of  \P,    The  diaphragms  aa  are  designed  as  beams  supported  at  each  end,  and  loaded 

at  the  middle  by  a  load  of  \P, 

P 
The  radial  girders  Cd  are  designed  as  beams  supported  at  each  end,  and  loaded  by  a  load  of  —  at  2.5 

4 
feet  from  one  end. 

In  designing  the  circular  girder  or  drum,  the  analysis  for  a  straight  beam  will  not  apply.    However,  it  is 

assumed,  in  order  to  provide  ample  strength  and  stiffness,  that  the  circle  is  composed  of  a  series  of  straight 

beams  of  a  length  equal  to  two  segments  dd,  or  one  eighth  of  the  circumference  of  the  circle.    These  beams 

are  assumed,  furthermore,  to  be  disconnected,  that  is,  free  at  their  ends,  and  loaded  in  the  middle  by  a  load 

P      8.8 

=  —  X ,  for  this  case,  with  end  supports. 

4      11.3 

Total  dead  load  on  turntable =  308,900  lbs. ; 

Maximum  live  load  on  turntable =  405,000  " 

Turntable  weighs  (say) =s    86,300  " 
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Total  dead  load  on  rollers m^^^ x  3. 1 15  =  say  307^00  lba4 

4 

dOCOOO 

•    liveload     •      •     «-^-2 — X3.ii5«i«   315.4m* 


«    dead  load  "^  centre ^395>       x  0.885  »  *«     87,400 

4 

•    liveload     «      -        « ^25:^  x  a885  =  -     89^600* 

4 

Assumed  diameter  of  rollers s  18  inches ; 

Number  of  rollers »  — I =:  say  40  rollers  18  in.  diameter; 

1.5  ^ 

Permissible  bearing  on  roUers  (static). . . .  =  300  x  18  s  5400  lbs.  per  linear  inch ; 
••  «        «        M     (moving).  .5=  150  x  18  =  2700    ••     •       «       • 

Total  number  linear  inches  required  (sutic)  =  -— —  =  124  inches; 

^7.800 
•«•"••      (moving)  s=s  ^— —  =  123  inches. 

Use  forty  rollers,  18  in.  diameter.  4  in.  face  =  160  linear  incheSp  to  be  of  cast-iron  with  chilled  faces. 
The  treads  for  rollers  should  be  made  of  wrought-iron  or  steel.  The  latter  is  preferable  and  may  be  of  the 
same  grade  as  that  used  for  track  rails  for  railways. 

Permissible  bearing  on  centre  (static) =  6000  lbs.  per  square  inch ; 

-        •*      ••      (turning) =3000-     -       «         • 


177  OOC 

Area  required  in  disks  (static) s    1*-  =  29.5  square  faichet  t 

•  «        •      -     (turning) «?Zd£?«29^      •         • 

3000 

Use  a  centre  pin  6}  inches  diameter ss  33.3      * .        * 

••    3  disks         6i      "  "         ■=30.7      •  • 

The  upper  and  lower  disks  to  be  hard  steel  and  the  middle  disk  to  be  phosphor-bronze.    The  centre 

177  000 
casting  requires  for  bearing  on  the  masonry  -— —  =  590  square  inches*    Use  casting  with  base  27.5  inches 

300 

diameter  =  594  square  inches. 

The  next  step  in  order  should  be  the  turning  and  end-lift  arrangements;  but  before  we  can  proceed 
with  the  latter  it  is  necessary  to  know  the  end  deflection. 

387.  Framing  of  the  Trusses  for  Proper  Camber  and  End  Deflection— The  lengths  of  the  members 
should  be  such  that  with  a  proper  elevation  of  the  ends  the  bottom  chord  is  a  horizontal  line  under  the 
maximum  load. 

(I.)  Compute  the  normal  lengths  of  the  members,  assuming  the  elevation  of  the  ends  to  be  normal. 

(II.)  Increase  or  diminish  the  lengths  of  the  members  according  as  they  are  under  compression  or 

i>l 
tension,  respectively,  when  the  full  live  load  is  on  the  bridge.    This  change  of  length  is  rigidly  ^  for  each 

E 

member,  where  p  is  the  total  live  and  dead  load  stress  per  square  inch  in  that  member.  Since  such  meas- 
urements of  length  are  made  only  to  the  nearest  ^  inch,  the  change  of  length  used  is  taken  so  as  to  give 
the  final  length  in  even  thirty-seconds  of  an  inch. 

(III.)  Find  the  change  produced  in  the  elevation  of  the  ends  due  to  the  change  in  the  lengths  of  the 

members  by  the  formula  given  in  Art.  200,  Chap.  XV,  D  =  2^ ;  wherein  --  is  to  be  taken  as  the  "change 

of  length  used  "  in  (II)  for  each  member.    The  value  of  ZV  in  this  case  is  called  the  camber  deflection. 

(IV.)  Find  the  end  deflection,  span  swinging,  dead  load  only  acting,  by  the  formula  Z>  =  5^.    The 

E 
value  of  D  in  this  case  is  called  the  true  deflection. 
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(V.)  Assume  that  one  half  of  the  deflection,  from  (IV),  is  eliminated  by  lifting  the  ends ;  then  shorten 
the  upper  chord,  near  the  centre  of  the  bridge,  so  as  to  raise  the  arms  the  remaining  oae  half  of  the  end 
deflection  from  (IV)  plus  the  whole  deflection  caused  by  the  change  in  the  length  of  the  members,  or  con- 
dition (III).  Let  2>  =  deflection  from  (IV),  or  the  true  deflection;  let  i^  =  deflection  from  (III),  or  the 
camber  deflection. 

Assume  that  \D  is  eliminated  by  lifting  the  ends  ;  then  the  remaining  \D  +  Z^  is  to  be  eliminated  by 
shortening  or  lengthening  the  upper  chord  near  the  centre  of  the  bridge,  according  as  the  value  of  \D  +  D 
is  plus  or  minus.  However,  although  the  value  of  D  is  usually  minus  or  an  upward  deflection,  it  is  never 
greater  than  \D\  so  that  \D  +  (  —  /?')  is  always  plus,  which  necessitates  shortening  the  upper  chord,  and 
never  lengthening  it. 

388.  The  Turning  Arrangements. — Let  us  assume  the  time  for  opening  or  closing  the  bridge  by  hand 
power  to  be  240  seconds;  then  if  the  time  for  uniform  acceleration.  /,  =  120  seconds,  the  maximum  velocity 

2  c  X   ^  I  il 

at  the  rack  circle,  which  is  twice  the  mean  velocity,  z/,  = —  =  o.  16  foot  per  second.     If  the  bridge  is 

\  X  120 

to  be  operated  exclusively  by  hand  power,  no  provision  is  made  for  swinging  the  bridge  against  unbalanced 

wind  pressures;  so  that  the  force  F^  at  the  rack  circle  necessary  to  overcome  wind  is  here  neglected. 

From  eq.  (10)  we  have 

I*  =^  Fr  '\-  Fi  '\-  Fc  '\-  Fa  =  force  at  rack  circle; 

JHr  =  01  Wr-^  =  0.003  X  307.800  X  — 12 =s     831  lbs.  S 

xC  12.5 

/T  =0,^,-=  0.1  X  87,400  X —^^ =   116  * 

3^  3  X  12.5 

_      4     r«*-ri*     <hlVr      4      26     0.1x307,800 

-Rr  =  -   X  — ;  X    — —  =  ?  X  —  X   ±-Ll =     86o     " 

3      rt^^ri*         R  38  12.5  x  12 

IT  _  ^^  _  395.200  X  eTj"  X  0.16  ,, 

R*/         32.2  X  12.5   X  120  


F=  2223 


M 


The  total  force  required  to  overcome  all  resistances  equals  twice  the  net  resistance  =  4446  lbs.     With 

4446 

two  men  on  the  turning  lever  at  50  lbs.  each,  the  multiple  of  force  by  gearing  = =  44.46.     The  time 

2  X  50 

i.itR      I 

to  open  or  close,  with  men  walking  at  the  uniform  rate  of  4  ft.  per  second  =  44.46  x x     =  222  seconds 

4        4 

=  3  minutes  42  seconds. 

The  maximum  rate  of  walking  would  then  be  8  feet  per  second.     If  the  velocity  v  is  generated  in  less 
than  120  seconds,  the  maximum  rate  of  walking  would  be  less,  to  open  in  the  same  time. 

389.  The  End-lifting  AYrangcments  — The  total  power  required  in  lifting  the  ends,  eq  (11),  =  7]^ —  ) 

in  foot-pounds  per  second,  in  which 

W  =  total  dead  load  above  turntable  =  308,900  lbs. ; 

>l  =  lift  in  feet =0.1  ft. ; 

/  =  time  required  for  lift  in  seconds. 

,,  ,.,i.*        ,_  .  2X3X  308,900 

With  two  men  on  turning  lever  at  50  lbs.  each,  the  multiple  of  force  by  geanng  =  — ^ =  1158. 

10  X  2  X  50 

The  time  required  to  raise  the  ends,  with  men  walking  4  ft.  per  second.  =  1158  x  o.i  x  J  =  29  seconds. 
In  case  it  should  become  necessary  to  operate  the  bridge  more  rapidly,  it  would  be  advisable  to  intro- 
duce a  steam-engine  or  some  other  form  of  motor. 

Assume  the  time  is  to  be  limited,  so  that  the  total  time  for  opening  or  closing  shall  not  exceed  75  sec- 


Plate  IV. 


THE  DESIGN  OF  SWING  BRIDGES.  4^7 

onds,  including  the  time  necessary  for  raising  or  lowering  the  ends.     Let  the  time  of  opening  be  60  seconds 
and  the  time  for  acceleration  =  30  seconds ;  then  the  maximum  velocity  at  rack  circle, 

25  X  3.14  ,    ^ 

^f  =-_r ,...  5=0.65  ^t.  per  second; 

4  X  30  :^        t^ 

i7.  =  ^  =  395>2ooxj^'xa65 =6661  lbs,; 

R^t  32.2  X  12.5   X  30 

/v  + -^*  + -^*  as  before =1807   * 


/?'=8468 


M 


The  force  required  at  the  rack  circle  for  such  a  rapid  acceleration  will  be  found  to  be  ample  to  hold  the 
bridge  against  any  unbalanced  wind  pressure,  so  that  the  wind  is  here  again  neglected. 

„                            .     ^                       2Fv      2  X  8468  X  0.65  ,,  _ 

Horse-power  required = = =  20  H.  P.  2 

550  550 

Let  A  the  time  for  lifting,  =  5  seconds. 

u  .,  V16//2X3X  308.900  X  0.1  „    -J 

Horse-power  required  =  -i = ^  ^     — =  4.2  H.  P,; 

550  16  X  550  X  5 

Entire  time  required  for  opening  or  closing  =  65  seconds. 

Use  20  horsepower  engine  with  double  cylinder  and  link-motion  for  reversal. 

Then,  from  eq.  (16),  H.  P.  x  550=  11,000  foot-pounds  per  second. 

From  eq.  (17)  we  have 


-/i  1,000  X  120 

in  which  p  =  pressure  in  pounds  per  square  foot =  say  5760  lbs. ; 

/  =  length  of  stroke =  say  0.7  ft. ; 

n  =  maximum  engine  speed  or  revolutions  per  minute  =  250. 

Then 


./  11,000  X  120 

m=  i/  — =  0.9I, 

^   5760  X  3.14  X  0.343  X  250 

Diameter  of  cylinders  ^=m  x  1=  say  7  inches. 

Two  cylinders  7  in.  diameter,  8  in.  stroke,  with  a  maximum  piston  speed  of =  say  333  feet 

1  ^ 

per  minute,  which  is  below  the  maximum  piston  speed  generally  allowed. 

After  determining  the  elements  of  the  motor  to  be  used,  the  next  step  would  be  to  design  the 
machinery,  making  every  part  strong  enough  to  resist  the  maximum  force  which  can  come  up>on  it  from  the 
motor.  This  branch  of  the  design  of  swing  bridges  will  not  be  treated  here,  as  it  properly  comes  under  the 
bead  of  machine  design,  and  is  fully  treated  in  standard  books  on  this  subjecL 
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CHAPTER  XXV. 
TIMBER  AND  IRON  TRESTLES  AND  ELEVATED  RAILROADS. 

I.  Timber  Trestles. 

390.  Use  of  Timber  Trestles. — ^Timber  trestles  are  used  in  America  under  the  follow- 
ing conditions : 

{a)  When  the  first  cost  is  less  than  that  of  an  earth-fill. 

(i)  When  water-way  must  be  left  and  it  is  not  practicable  to  build  either  bridges  or  cul- 
verts on  the  first  construction  of  the  road. 

{c)  When  the  financial  condition  of  the  corporation  will  not  admit  of  a  more  permanent 
kind  of  structure. 

It  has  been  estimated  that  there  are  at  present  in  the  United  States  at  least  2400  miles 
of  railway  wooden  trestle,  of  which  at  least  800  miles  are  likely  to  be  permanently  maintained 
as  such.  It  is  very  common  to  build  wooden  trestles  on  a  new  line  of  road,  and  when  it 
needs  renewal  to  make  an  earth-fill.  This  can  be  done  very  cheaply  after  the  Une  is  con- 
structed ;  and  if  the  earthwork  comes  high  on  the  first  construction  of  the  line,  it  may  be 
economical  to  do  this.  Wooden  trestles  are  built  of  all  heights  up  to  150  feet,  and  although 
a  multitude  of  patterns  have  been  successfully  employed,  there  are  certain  guiding  principles 
which  lead  to  a  nearly  uniform  best  practice.  No  discussion  will  be  here  given  of  simple  pile 
bents,  as  not  properly  being  framed  structures.  Neither  will  the  subject  of  pile  driving  or  the 
bearing  resistance  of  piles  be  here  entered  upon.*  The  foundation  of  a  framed  timber  bent 
is  preferably  composed  of  masonry  or  solid  rock,  but  next  to  this  piles  are  to  be  preferred. 

391.  The  Framed  Bent. — Some  illustrations  of  properly  framed  timber  bents  are  shown 
in  Plate  VI,  those  in  the  upper  portion  showing  the  practice  of  the  Pennsylvania  Railroad 
Company,  and  in  the  lower  portion  that  of  the  Norfolk  &  Western  Railway.  There  are 
always  two  vertical  struts  and  two  or  more  inclined  ones,  called  "batter  posts,"  The  batter 
is  2\  in.  to  3  in.  to  one  foot.  These,  together  with  the  sill  and  cap  and  the  diagonal  braces 
make  up  the  frame,  or  "  bent "  as  it  is  called,  which  is  the  elementary  form  of  all  trestle- 
work.  When  the  timbers  are  all  in  pairs  it  is  called  a  "  double  bent"  see  (the  pattern  used  by 
the  Toledo,  St.  Louis  &  Kansas  City  Railroad,  Plate  IX).  As  in  the  case  of  a  Howe  truss 
bridge,  the  timbers  here  are  not  nicely  proportioned  for  their  loads,  but  the  sizes  are  made 
large  to  allow  for  decay.  Purely  empirical  rules  of  practice  are  followed  in  this  matter,  and 
the  various  types  shown  in  Plates  V  to  X  have  been  selected  as  offering  good  examples  to 
follow. 

392.  Bearing  Joints. — In  Plate  VI  two  kinds  of  bearing  joints  are  shown.  The  mortise 
and  tenon  (Pennsylvania  Railroad  Standard)  is  giving  place  to  the  split  cap,  shown  in  the 
Norfolk  &  Western  plans,  Plate  VI.  Here  the  posts  are  notched  to  receive  the  two  cap  or 
sill  pieces,  a  smooth  surface  being  made  on  the  outside  at  top  to  receive  the  stringer,  and 
at  bottom  to  rest  on  the  bearing  timbers.  The  advantages  of  this  latter  joint  are  that  it 
facilitates  repairs,  and  secures  better  timber  for  the  caps  and  sills,  since  they  are  only  half  the 
thickness. 

*  See  Baker's  "  Masonry,"  John  Wiley  &  Sons,  for  the  best  treatise  on  Foundations,  including  piles. 
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Fig.  406. 


Another  form  of  this  joint  is  that  shown  in  Plate  IX,  where  all  the  bearings  are  made  on 
cast-iron  plates.    This  adds  materially  to  the  life  of  the  joint 
and  insures  a  more  uniform  distribution  of  the  pressure. 

Another  method  of  accomplishing  the  same  thing  is  by 
means  of  wrought-iron  plates,  as  shown  in  Fig.  406.  This 
joint  has  been  used  by  the  New  York,  Lake  Erie  &  Western 
Railway,  and  is  more  fully  described  in  Engineering  News  for 
Nov.  5,  1887.  The  plates  may  be  stamped  out  and  spiked 
on.  They  would  probably  more  than  save  their  cost  in  the 
time  saved  on  the  ground  in  the  framing  which  is  here  ren- 
dered unnecessary. 

In  all  cases  where  timber  is  used  in  compression  across 
the  fibres,  attention  must  be  given  to  the  area  presented  to 
the  imposed  load,  using  the  working  stresses  given  on  p.  390. 

393.  Floor  Systems. — Stringers. — The  stringers  should 
consist  of  two  or  three  sticks  each,  well  separated  from  each 
other  by  cast-iron  washers,  and  bolted  together.  They  should 
extend  over  two  spans  and  terminate  at  alternate  bents.  They 
should  never  be  notched  down  upon  the  caps.  This  greatly 
weakens  the  stick  as  a  beam,  causing  it  to  fail  by  shearing, 
or  splitting  back  from  the  base  of  the  notch.  They  should  be 
spliced  by  means  of  large  packing  blocks,  which  are  notched 
down  over  the  cap  and  bolted  to  the  stringers,  as  shown  in 
Plate  VI.  On  the  Minneapolis  &  St.  Louis  Railway  (Plate  V) 
these  packing  pieces  are  simply  cuUings  from  the  stringer 
pieces,  sawed  to  S^-foot  lengths,  and  inserted  with  plain  cast-iron  washers  for  air  circulation. 
The  stringers  are  held  laterally  upon  the  caps  either  by  bolting  through  or,  better,  by  cast- 
iron  brackets,  as  shown  in  Plate  V. 

Corbels  should  not  be  used.  They  add  to  the  cost,  and  furnish  large  joints  for  the  storage 
of  water,  and  hasten  decay.  They  are  shown  on  Plates  V  and  VIII,  but  they  should  be  omitted 
from  all  wooden-trestle  construction.  The  bearing  area  and  beam  strength  should  be  suffi- 
cient without  them.  Thus  in  case  of  a  span  of  16  feet,  with  an  equivalent  live  and  dead  load 
of  6000  lbs.  per  foot,  or  of  48,000  lbs.  coming  to  the  cap  from  one  side,  there  should  be  at 
least  three  8-inch  stringers,  and  if  the  cap  is  12  inches  wide  the  bearing  area  is  6  x  24  =  144 
square  inches*  This  gives  a  pressure  of  330  lbs.  per  square  inch,  which  is  about  the  limit  of 
.  allowable  bearing  stress  on  white  pine  across  the  grain,*  and  might  be  permitted.  If  yellow 
pine  were  used  for  this  work,  three  6-inch  sticks  would  be  sufficient. 

For  very  high,  and  therefore  expensive,  bents  they  should  be  placed  farther  apart,  as  in 
Plate  VII,  and  the  stringers  braced  out  from  the  bent  as  shown.  The  shortening  of  the  span 
by  means  of  corbels,  as  in  Plate  V,  is  of  doubtful  economy  or  expediency.  Neither  is  it  ad- 
visable to  truss  the  stringers  with  iron  rods  and  king-posts,  as  is  sometimes  done.  The  addi- 
tional strength  from  this  source,  with  shallow  depths  to  the  trussing,  is  very  small,  and  too 
great  reliance  is  apt  to  be  put  in  such  a  combination. 

Packing, — The  stringers  should  never  be  more  than  8  inches  thick,  and  are  usually  frorr 
14  to  18  inches  deep.  They  should  be  separated  two  inches  or  more  apart,  and  packed  witb 
the  splicing  timbers  at  the  bents,  as  shown  in  Plates  V  and  VI.  These  splice  or  packing  pieces 
are  notched  over  the  cap  timber,  but  the  stringers  are  not  notched  or  framed  in  any  way. 
When  corbels  are  used  the  packing  timbers  may  be  dispensed  with,  and  cast-iron  spools  or 
separators  used  for  packing,  as  shown  in  Plate  V. 

*  See  p.  390,  for  working  stresses.     If  smaller  caps  are  used,  a  sufficient  bearing  area  demands  the  use  of  corbels 
which  should  be  made  of  white  oak  or  some  other  durable  hard  wood.     See  Plate  Xtf. 
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The  ties,  guard-rails,  safety  or  rerailing  devices,  etc.,  are  not  peculiar  to  this  form  of 
structure. 

394,  Sway  Bracing^. — These  are  designed  to  stay  the  bents  against  lateral  forces  of  all 
kinds  and  to  add  to  the  lateral  rigidity  of  the  structure.  The  batter  posts  assist  greatly  to 
this  end,  but  when  the  bents  are  more  than  1 8  or  20  feet  high  some  kind  of  sway  bracing 
should  be  employed.  This  bracing  usually  consists  only  of  2-inch  to  4-inch  plank,  from  8 
to  12  inches  wide,  spiked  to  the  sides  of  the  bents,  as  shown  in  the  plates.  This  is  a  very 
unscientific  and  inefficient  kind  of  brace.  This  method  of  fastening  cannot  possibly  develop 
the  full  strength  of  the  brace.  If  the  brace  is  thick,  so  as  to  have  strength  as  a  strut,  it  makes 
the  leverage  on  the  spikes  so  great  that  their  strength  is  greatly  reduced.  If  the  brace  is  thin 
it  has  little  strength  as  a  strut,  and  besides  the  spikes  have  little  bearing  area.  It  is  not 
practicable  to  insert  simple  struts  in  the  plane  of  the  bent,  as  "  bridging,**  since  this  would 
require  too  many  joints  and  too  much  cutting  and  fitting.  The  ordinary  method  of  cover- 
planks,  attached  on  the  two  faces  of  the  bent,  seems  to  be  the  only  feasible  scheme.  It  now 
remains  to  provide  the  most  efficient  connection.  The  greatest  objection  to  the  use  of  spikes 
is  the  small  bearing  area  on  the  wood.  Large  treenails  (wooden  pins)  would  be  much  better. 
If  3X6-inch  plank  be  used,  and  treenails  i^  inches  in  diameter,  then  the  bearing  area  is  4^ 
square  inches  and  the  shearing  area  of  the  pin  is  i{  square  inches.  If  the  plank  be  of  white 
pine  and  the  treenail  of  long-leaf  yellow  pine  or  of  white  oak,  the  strength  of  the  joint  would 
be  very  much  greater  than  if  it  were  made  of  one  3X  12-inch  plank  fastened  with  three  \  inch 
square  ship-spikes.  The  spikes  will  also  rust  rapidly  just  at  the  joint  where  the  strength  is 
most  required.  The  treenails  should  be  turned  to  a  uniform  diameter  about  t^  of  an  inch 
greater  than  that  of  the  hole.  The  holes  in  the  braces  could  be  bored  before  erection,  and 
then  the  braces  lightly  spiked  to  place,  when  the  holes  in  the  posts  and  caps  could  be  bored 
in  exact  line  with  the  outer  holes.  This  would  make  a  reasonably  rigid  and  permanent  joint, 
which  would  develop  its  full  resistance  without  appreciable  distortion. 

When  the  bents  are  more  than  about  20  feet  high  they  should  be  divided  into  panels  or 
stories,  and  sway  bracing  introduced  into  each  panel.  It  is  not  possible  to  compute  the  stress 
on  the  sway  bracing,  except  for  assumed  wind  pressures.  In  fact,  it  never  is  computed  except 
for  very  high  structures.  On  low  trestles  the  sway  bracing  is  designed  to  resist  the  lateral 
throw  of  the  engine  and  train  rather  than  the  wind  pressure. 

395.  Longitudinal  Braces. — It  is  not  uncommon  to  merely  join  the  bents  together  by 
outside  horizontal  girts,  or  waling-strips,  as  shown  on  Plate  IX,  the  diagonal  braces  being 
entirely  omitted.  This  is  a  grave  omission.  For  short  reaches  of  low  trestling  it  may  be 
Allowable  to  omit  these  diagonal  braces  between  the  bents,  where  there  are  provided  substan- 
tial abutment  resistances  to  take  up  the  pull  or  thrust  of  the  train  ;  but  it  is  not  wise  to  rely 
upon  such  abutment  action. 

The  pull  of  two  locomotives  at  the  head  of  a  train  may  be  as  much  as  forty  or  fifty 
thousand  pounds.  When  these  are  upon  a  stretch  of  trestle-work,  something  must  resist  this 
longitudinal  external  force.  When  braking  a  train  also,  the  horizontal  thrust  may  be  much 
greater  than  this,  and  these  great  longitudinal  pulls  or  thrusts  should  be  amply  provided  for. 

In  this  case  a  series  of  direct  end-bearing  struts  may  be  introduced,  as  is  done  on  the 
Pennsylvania  Railroad  design  in  Plate  VI.  Here  a  single  row  of  8"  X  8"  braces  are  intro- 
duced, joining  alternate  top  cap-sills  with  the  intermediate  bottom  sills  in  single-story  trestle- 
work,  or  with  the  intermediate  cross-girts  in  multiple-story  trestles,  as  in  Plates  VIII  and  IX. 
AVith  this  joint  there  is  a  series  of  direct  lines  of  struts  from  top  to  bottom,  all  end-bearing, 
as  any  strut  should  be.  There  is  no  hindrance  to  inserting  these  braces  in  this  manner.  It 
is  very  bad  practice,  therefore,  to  insert  them  in  any  other  way,  as  is  done  in  Plates  VII 
and  IX,  where  they  are  simply  spiked  or  bolted  on  the  outer  sides;  and  to  omit  them  alto- 
gether, as  is  so  often  done,  even  in  high  trestle-work,  is  simply  criminal 
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The  ordinary  practice  in  the  design  of  timber  trestles  has  been  investigated  Ly  Mr.  A.  L. 
Johnson,*  chief  computer  on  the  U.  S.  Timber  Test  work,  and  he  has  found  that  the  current 
factors  of  safety  in  such  structures  vary,  for  different  members  and  for  different  kinds  of  stress, 
from  less  than  unity  to  25,  the  former  being  for  crushing  or  bearing  stress  across  the  grain. 
In  other  words,  these  structures  are  now  very  irrationally  designed.  He  recommends  the  two 
designs  in  Figs,  i  and  2,  Plate  X<z.  Here  are  given  both  the  species  and  the  sizes  best  suited 
to  the  several  parts,  the  design  in  Fig.  i  being  with  corbels  and  that  in  Fig.  2  without  them. 
In  these  designs  the  following  factors  of  safety  were  used: 

Stringers  in  cross-breaking 5  + 

Stringers  in  deflection,  ^^  span , 2  -}- 

Stringers  in  end-bearings •••..•••.••  4-}- 

Cap  in  bearing  value.  •  •  •  • « • •  • .  3  -f* 

Posts  as  columns 7.4  -f- 

Mr.  G.  Lindenthall,  in  commenting,  on  the  designs,  proposes  *  the  designs  shown  in 
Figs.  3  and  4,  PI.  X<z,  these  being  slight  modifications  of  Mr.  Johnson's  designs.  Here  all 
mortises  are  omitted,  wooden  dowel-pins  and  splice-planks  being  used  in  their  place.  Mr. 
Lindenthall  strongly  recommends,  also,  the  covering  over  of  the  stringers  with  galvanized 
sheet-iron  to  protect  them  from  the  weather  and  from  the  lodgment  of  live  cinders,  which 
causes  the  destruction  of  so  many  wooden  trestles  by  fire.  Mr.  Bouscaren  has  tried  planking 
over  the  structure  and  covering  it  with  gravel,  with  good  results. 

The  following  table  of  working  unit  stresses  is  based  on  factors  of  safety  of  10  in  tension, 
5  in  longitudinal  compression,  4  in  lateral  compression,  6  in  cross-breaking,  2  in  modulus  of 
elasticity,  and  4  in  shearing,  and  on  the  most  reHable  information  obtainable  to  date; 

AVERAGE  SAFE  ALLOWABLE  UNIT  STRESSES  IN  POUNDS  PER  SQUARE  INCH  RECOMMENDED 
BY  THE  COMMITTEE  ON  "STRENGTH  OF  BRIDGE  AND  TRESTLE  TIMBERS,"  AMERICAN 
ASSOCIATION  OF  RAILWAY  SUPERINTENDENTS  OF  BRIDGES  AND  BUILDINGS,  FIF'I  H 
ANNUAL  CONVENTION,  NEW  ORLEANS,  OCTOBER,  1895. 


Kind  of  Timber. 


Factor  of  safety. 


White  oak 

White  pine 

Southern,  long-leaf,  or  Georgia  yel- 
low pine 

Douglas,  Oregon,  and  Washington 
fir  or  pine : 

Yellow  fir 

Red  fir 

Northern  or  short-leaf  yellow  pine. 

Red  pine 

Norway  pine 

Canadian  (Ottawa)  white  pine 

Canadian  (Ontario)  red  pine 

Spruce  and  Eastern  fir ' 

Hemlock 

Cypress 

Cedar 

Chestnut 

California  redwood 

California  spruce 


TcnsioQ. 


With 
Grain. 


ID 


1,000 
700 

1,200 


1,200 

1,000 

900 

900 

800 

1,000 

1,000 

800 

600 

600 

800 

900 

700 


Across 
Grain. 


10 


200 

50 

60 


50 

50 


50 


Compression. 


With  Grain. 


End 
Bearing. 


1,400 
1,100 

1,600 


1,600 


1,200 
1.200 
1,200 


1,200 


1,200 
1,200 


Columns 
under 

15  Diam- 
eters. 


900 
700 

1,000 


1,200 


800 

800 

800 

1,000 

1,000 

800 

800 

800 

800 

1,000 

800 

800 


Across 
Grain. 


500 
200 

350 


3CX) 


250 
200 
200 


200 
150 
200 
200 
250 
200 


Transverse  Rupture. 


Extreme 

Fibre 

Stress. 


1,000 
700 

1,200 


1,100 
800 

1,000 
800 
700 


800 
700 
600 
800 
800 
800 

800 


Modulus 

of 
Elasticity. 


Shearing. 


With 
Grain. 


550,000 
500,000 

850,000 


700,000 


600,000 
600,000 
600,000 


700,000 
600,000 
450,000 
450,OJO 
350,000 
500,000 
350,000 
600,000 
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200 
100 

150 


150 


100 


100 
io« 
100 
100 


150 
100 


Across 
Grain. 


1,000 
500 

1,250 


1,000 


750 
600 


400 
400 
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396.  Bent  and  Post  Splices. — When  the  trestle  is  higher  than  about  forty  or  fifty  feet 
it  becomes  necessary  to  splice  the  posts.  There  are  several  ways  of  doing  this.  Entirely 
separate  bents  can  be  constructed  in  sections  or  stories,  and  set  one  on  top  of  another,  as 
shown  in  Plate  X,  with  an  air  space  between  the  sills,  except  under  the  posts,  where  seasoned 
oak  bearing-planks  are  carefully  framed  in. 

Or  the  posts  may  abut  end  to  end,  with  side  notches  cut  at  the  joints  for  cross-girts,  as 
shown  in  Plate  VI I. 

Or  cast-iron  bearing  caps  can  be  employed  as  shown  in  Plate  IX,  these  resting  on  one 
common  sill,  or  cross-girt,  at  each  splicing  section.  All  these  are  good  joints  when  well 
executed,  but  the  last  named  is  probably  the  most  lasting,  and  the  one  which  settles  or 
crushes  down  the  least. 

397.  Workings  Stresses. — The  safe  working  stress  per  square  inch  for  different  timbers 
for  different  kinds  of  resistance  is  given  pretty  fully  in  Chapter  XXIII,  on  Howe  Trusses. 
As  there  shown,  it  is  important  to  load  timber  in  compression  longitudinally  only.  So  in  a 
timber  trestle  it  would  be  best  to  avoid  crushing  the  timber  across  the  grain  at  all  if  possible, 
or  at  any  rate  introduce  as  small  an  amount  of  timber  under  this  kind  of  stress  as  possible. 
Thus  in  the  Norfolk  &  Western  Railroad  plans  in  Plate  VII,  the  posts  are  given  end  bearings 
continuously  from  top  to  bottom,  being  simply  notched  at  the  joints.  On  the  other  hand, 
Plate  VIII  shows  24  inches  of  timber  under  a  lateral  crushing  load  each  25  feet  in  height. 

11.    Iron  Trestles. 

398.  General  Design. — Iron  railway  trestles  for  single  track  usually  consist  of  a  series 
of  plate-girder  spans  supported  on  iron  columns,  as  shown  in  Fig.  407.     The  columns  are 


Fig.  407. 

braced  together  transversely  in  pairs  to  form  bents,  as  shown  in  the  cross-section.  Fig.  407. 
The  bents  are  then  braced  together  in  pairs  to  form  towers.  The  towers  are  designed  so  as 
to  have  sufficient  stability,  both  longitudinally  and  transversely,  to  withstand  any  force  which 
may  tend  to  overturn  them.  The  only  force  that  would  tend  to  overturn  them  in  a  trans- 
verse direction  on  a  straight  track  is  the  pressure  of  the  wind  on  the  structure  and  on  the 
train.  The  friction  of  the  wheels  on  the  rails  caused  by  suddenly  applying  the  brakes  to  a 
moving  train  is  the  force  which  tends  to  overturn  the  towers  in  a  longitudinal  direction  or 
parallel  to  the  track.  If  the  structure  is  on  a  curve  it  must  be  made  stable  against  a  lateral 
force,  in  addition  to  the  wind  force,  equal  to  the  centrifugal  force  of  the  train  load.  Transverse 
stability  is  secured  by  giving  to  the  posts  of  the  bent  a  batir,  in  order  to  secure  a  base  of  suffi- 
cient width  to  prevent  overturning.  Longitudinal  stability  is  obtained  by  making  the  span 
which  connects  the  bents  that  are  braced  together  to  form  the  tower  of  sufficient  length.  The 
plane  of  each  bent  should  always  be  vertical.     The  tower  span  is  now  generally  made  30  feet 
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long,  and  the  spans  between  the  towers  are  varied  with  the  height  of  the  towers ;  the  higher 
the  trestle  the  longer  the  intermediate  or  variable  span  may  be  made  with  economy.  The 
approximate  length  for  the  intermediale  span  for  maximum  economy  for  the  height  of  t".»e 
trestle  under  consideration  is  usually  determined  upon  first  by  a  rough  calculation,  or  by 
means  of  an  established  formula,  if  the  subject  has  been  previously  investigated.  The 
arrangement  of  spans  and  towers  is  then  made.  It  is  preferable  and  cheaper  to  make  the 
intermediate  spans  of  the  same  length  instead  of  varying  them  slightly  for  variations  in  the 
height  of  the  trestle,  as  it  makes  the  work  simpler  and  gains  a  great  advantage  in  manufacture 
by  having  a  greater  number  of  duplicate  parts.  It  is,  however,  advisable  in  long  viaducts, 
where  much  saving  in  material  can  be  secured,  to  vary  the  intermediate  span  length  for  a 
change  in  height,  if  a  number  of  duplicate  spans  of  each  length  can  be  used. 

The  lengths  of  the  end  spans  of  a  viaduct  are  sometimes  dependent  upon  the  kind  oi 
abutments  that  are  built  at  the  ends.  If  T  abutments  are  used  and  the  earth  filled  in 
around  it,  the  first  bent  from  the  abutments  .must  be  placed  so  that  the  fill  does  not  cover 
its  base.  If  wing  walls  are  used  to  confine  the  embankment,  the  length  of  the  end  span  may 
be  anything. 

The  outlines  of  the  bracing  are  usually  determined  upon  by  its  appearance  when 
shown  on  a  scale-drawing;  the  main  object  is  to  avoid  having  the  diagonal  rods  make  too 
acute  an  angle  with  the  vertical.  The  foot  of  each  post  in  a  tower  should  be  braced  by  struts, 
both  longitudinally  and  transversely,  in  order  that  the  tower  may  expand  and  contract  as  a 
whole.  If  the  posts  are  not  so  braced,  the  friction  between  the  base-plate  of  the  column  and 
the  bed-plate  will  produce  a  transverse  stress  and  bending  in  the  column.  From  this  condi- 
tion it  can  be  readily  seen  that  the  struts  must  be  made  stiff  enough  to  overcome  the  friction. 
Another  benefit  derived  from  the  use  of  these  struts  is  that  the  transverse  force  is  then  resisted 
by  both  the  masonry  pedestals  under  a  bent  to  the  greatest  advantage.  If  the  struts  were 
omitted  the  windward  pedestal  would  have  to  resist  more  than  half  of  the  force,  while  at  the 
same  time  its  vertical  load  would  be  diminished,  and  it  would  therefore  be  less  stable  than  the 
leeward  pedestal,  which  would  have  less  than  half  the  force  to  resist-  and  would  have  its  ver- 
tical ioad  increased. 


Pia  408. 

In  some  cases  of  low  trestles  it  is  sufficient  to  omit  longitudinal  diagonal  bracing  and 
substitute  knee  braces  or  brackets  between  the  longitudinal  girders  and  the  columns.  The  longi 
tudinal  stiffness  of  su(!h  a  structure  is  measured  by  the  resistance  of  the  columns  to  flexure  in  a 
longitudinal  direction.     A  height  of  from  15  to  20  feet  should  be  the  limit  for  such  designs. 

Rocker  bents,  or  those  hinged  at  both  top  and  bottom,  may  often  be  used  when  it  is  im- 
practicable to  use  a  full-braced  tower.  They  serve  to  shorten  the  length  of  the  spans  and 
brace  the  structure  transversely,  and  on  this  account  are  sometimes  employed  for  economical 
reasons. 
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For  double-track  trestles  the  same  general  arrangement  of  spans  and  towers  is  adhered 
to,  but  the  cross-section  is  varied,  as  shown  in  Fig.  408.  Each  bent  is  composed  of  two,  three, 
or  f(>ur  columns  braced  together.  In  designs  (d)  and  (^),  Fig.  408,  the  girders  are  supported 
on  a  cross-girder  at  the  top  of  the  bent.  In  (c)  and  (^/)  the  girders  rest  directly  on  the  caps 
of  the  columns.  The  plan  {d)  is  a  favorite  way  of  constructing  a  double-track  trestle  from 
an  old  single-track  structure,  or  it  would  be  used  where  it  was  desirable  to  so  construct  a 
single-track  trestle  that  it  may  readily  be  changed  to  double  track.  In  the  latter  case  only 
the  two  inner  girders,  columns,  and  bracing  would  be  built  to  accommodate  a  single  track,  and 
the  outer  girders  and  columns  added  when  provision  is  to  be  made  for  two  tracks. 

A  very  important  difference  in  the  stresses  in  the  bracing  for  single  and  double  track 
bents  is  that  in  the  latter  the  bracing,  if  the  columns  are  battered,  is  stressed  by  the  live  load, 
and  should,  in  order  to  be  consistent  with  the  rest  of  the  design,  be  proportioned  for  lower  unit 
stresses. 

399.  Lateral  Stability  and  the  Batter  of  the  Columns. — It  is  now  generally  specified 
that  the  bents  must  not  require  anchorages  in  order  to  secure  them  against  overturning.  This 
avoids  the  necessity  of  building  large  masonry  pedestals  for  the  columns,  which  would  be 
required  if  an  anchorage  were  needed,  and  further  does  away  with  long  anchor  bolts  and  the 
accurate  measurements  required  to  locate  them  while  building  the  pedestals.  In  order  to 
comply  with  the  condition  that  no  anchorage  must  be  required,  and  also  to  provide  for  the 
excessive  wind  pressures  given  in  some  of  the  standard  specifications,  there  is  no  doubt  that  in 
many  cases  an  excess  of  material  is  used,  and  that  the  total  cost  is  above  that  which  is  actually 
necessary.  All  that  is  actually  necessary  is  that  the  structure  be  made  stable  for  the  highest 
wind  pressure,  which  is  generally  assumed  to  be  50  lbs.  per  square  foot.  The  question  of 
anchorage  should  be  made  one  to  be  settled  by  a  comparison  of  the  total  cost,  including 
pedestals,  with  and  without  anchorage. 

The  batter  of  the  columns  varies  from  \\  to  3  inches  to  the  foot.  If  it  is  desirable  or 
required  that  no  anchorage  be  provided,  it  is  necessary  that  the  wind  and  centrifugal  forces 
combined  with  the  vertical  load  produce  no  resultant  tension  at  the  foot  of  the  windward 
column,  or  at  the  foot  of  the  inner  column  if  on  a  curve.  The  wind  surface  of  a  train  is 
assumed  to  be  10  feet  high,  and  the  centre  of  pressure  7J  feet  above  the  rails.  The  line  of 
action  for  the  centrifugal  force  of  a  train  is  taken  as  5  feet  above  the  rails.  The  amount  of 
the  centrifugal  force  depends  on  the  weight  of  the  train,  the  degree  of  the  curve,  and  the 
velocity  with  which  the  train  is  moving.  For  a  speed^of  thirty  miles  per  hour  the  centrifugal 
force  is  approximately  one  per  cent  of  the  weight  of  the  train  for  each  degree  of  curvature. 
For  speeds  of  forty,  fifty,  and  sixty  miles  per  hour  it  is  approximately  two  per  cent,  three  per 
cent,  and  four  per  cent  respectively  of  the  weight  of  the  train  for  each  degree  of  curvature. 
Thus  for  a  train  weighing  4000  lbs.  per  linear  foot  of  track  moving  at  a  rate  of  forty  miles  per 
hour  on  a  six-degree  curve  the  centrifugal  force  would  be  4000  X  .02  X  6  =  480  lbs.  per  linear 
foot  of  track. 

The  exposed  wind  surface  of  the  structure  is  taken  as  the  surface  of  the  girders  and  floor, 
and  twice  the  surface  of  the  bent  or  tower,  as  seen  in  longitudinal  elevation. 

By  taking  moments  about  the  foot  of  the  leeward  column  the  moment  of  the  vertical 
loads  must  be  equal  to  or  greater  than  that  of  the  wind  forces  if  no  tension  is  allowed  at  the 
foot  of  the  windward  column.  By  making  the  base  of  the  bent  wider,  i.e.,  by  increasing  the 
batter  of  the  columns,  this  can  always  be  accomplished.  By  dividing  tiie  moment  of  the  wind 
force  by  one  half  of  the  total  vertical  load  on  the  bent  the  distance  which  the  columns  mus*: 
be  spread  apart  at  the  base  is  found  at  once.  The  lightest  train  that  will  not  blow  over  for 
the  assumed  wind  pressure  is  taken  for  the  live  load  on  the  trestle  when  computing  the  width 
of  base.  For  a  30-pGund  wind  pressure  acting  on  a  train  surface  10  feet  high,  beginning  2J 
feet  above  the  rails,  the  lightest  train  load  is  300  X  7i  -H  2 J  =  900  lbs.  per  linear  foot  of  track. 
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This  assumption  reduces  the  vertical  load  on  the  column  to  the  minimum  amount,  and  hence 
requires  a  wider  base  for  stability.  The  columns  are  given  the  same  batter  in  all  the  bents  of 
one  structure,  as  it  improves  the  appearance  to  have  all  the  columns  on  one  side  in  the  same 
plane,  and  it  also  simplifies  the  manufacture  to  have  all  bevels  alike. 

It  is  often  advantageous,  when  a  viaduct  is  on  a  curve,  to  give  the  outer  columns  of  the 
bents  more  batter  than  the  inner  columns.  This  increases  the  stability  of  the  bent  as  against 
the  combination  of  the  wind  and  centrifugal  forces  for  the  same  width  at  the  base.  The 
bracing  of  the  bents  for  this  case  is  stressed  by  the  vertical  load  because  of  the  different 
inclinations  of  the  columns. 

The  width  centre  to  centre  of  the  girders  or  the  columns  at  the  top  is  variable,  and  is 
independently  determined  for  the  trestle  under  consideration.  The  closer  the  girders  are 
spaced  the  smaller  will  be  the  size  of  the  necessary  cross-ties  and  the  resulting  weight  of 
the  floor,  and  the  bracing  between  the  columns  will  be  shorter  and  will  be  subjected  to  a 
smaller  stress,  requiring  smaller  members,  all  of  which  reduce  the  cost  of  the  structure.  On 
the  other  hand,  the  supported  floor  will  be  very  narrow  and  the  danger  from  a  derailed  train 
increased.  In  case  the  girders  are  spaced  close  centre  to  centre,  it  is  imperative  that  ample 
and  efficient  rerailing  and  safety  appliances  be  used ;  it  is,  however,  advisable  to  use  them  *n 
all  trestles.  Another  view  to  take  of  this  question  is  that  generally  taken  by  the  passenger 
departments  of  railroads ;  namely,  that  the  travelling  public  always  feel  much  safer  when  they 
can  see  what  is  supporting  the  train  from  the  car  windows.  This  fancied  security  may  be 
obtained  by  making  the  floor  wider,  and  is  appreciated  by  the  public.  A  good  mean  is  to 
space  the  girders  8  or  9  feet  centres,  as  this  does  not  require  unusually  large  cross-ties  and 
gives  a  safe  floor. 

When  an  old  wooden  trestle  is  to  be  replaced  by  an  iron  structure,  and  traffic  over  the 
trestle  is  to  be  maintained,  it  is  always  economical  to  so  design  the  iron-work  that  it  may  be 
erected  without  disturbing  the  old  bents.  This  is  done  by  spacing  the  girders  far  enough 
apart  to  clear  the  legs  of  the  old  bents  and  locating  the  columns  so  that  they  will  not  be  op- 
posite them.  The  iron  when  erected  will  then  envelop  the  old  work,  and  after  changing  the 
cross-ties  the  latter  can  be  taken  down. 

400.  Length  of  the  Tower  Span  and  Longitudinal  Stability. — It  is  the  common 
practice  to  make  the  tower  span  of  a  viaduct  30  feet  long.  While  this  length  is  generally 
used,  it  is  not  always  true  that  such  towers  do  not  require  anchorage  against  overturning  lon- 
gitudinally. If  it  is  assumed,  as  is  usually  specified,  that  the  friction  on  the  rails  produced  by 
suddenly  applying  the  brakes  to  a  moving  train  is  one  fifth  of  the  vertical  load,  and  further 
that  this  force  is  resisted  by  all  the  towers  of  the  structure  acting  together,  the  limiting  height 
of  tower  is  about  three  and  one  half  times  its  width  longitudinally  if  no  anchorage  is  allowable. 
The  assumption  that  all  the  towers  act  together  to  prevent  overturning  is  a  fair  one,  as  any 
longitudinal  deflection  of  the  towers  would  result  in  closing  up  expansion  joints  and  thus 
distribute  the  force.  The  coefficient  of  friction  used  is  probably  very  excessive.  In  order 
that  a  series  of  high  towers  may  act  together  to  resist  overturning  with  absolute  certainty,  no 
expansion  joint  need  be  provided  if  the  deflections  of  the  towers  from  temperature  produce 
no  prohibitea  stresses. 

401.  Economic  Length  of  the  Intermediate  or  Variable  Span. — No  general  formula 
for  the  length  of  the  variable  span  of  a  viaduct  can  be  given  which  will,  with  the  many  different 
practices  prevalent  among  designing  engineers,  give  reliable  results.  The  length  of  this  span 
for  maximum  economy  depends  upon  the  laws  which  govern  the  variation  of  the  iron  weights 
required  in  the  spans  and  in  the  towers  or  bents,  and  also  on  the  cost  of  the  masonry  pedestals. 
If  the  live  load  and  the  specifications  as  to  allowed  stresses  and  details  of  construction  are 
fixed,  and  also  if  the  designs  are  made  consistent  with  maximum  economy  for  the  various  spar, 
lengths  and  heights  of  bents,  it  may  be  possible  to  derive  an  empirical  formula  which  will 
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give  results  reliable  enough  to  serve  as  a  guide  in  determining  the  economical  length  of  this 
span.  Such  a  formula  will  be  given,  and  its  origin  and  limitations  explained,  for  the  purpose 
of  enabling  those  who  have  need  of  it  to  derive  one  that  will  suit  their  purposes. 

A  series  of  trestles  varying  in  height  from  25  to  150  feet  were  completely  designed  for  a 
constant  tower  span  of  30  feet,  with  intermediate  spans  of  30,  40,  50,  60,  and  70  feet,  all  plate 
girders.  The  weights  for  each  combination  of  height  of  trestle  and  length  of  intermediate 
span  were  calculated  and  the  results  tabulated. 

A  live  load  of  104-ton  engines  (Cooper's  Class  Extra  Heavy  A)  was  used  in  determining 
the  stresses  in  the  girders  and  bents.  The  track  was  straight.  The  wind  pressure  was 
assumed  to  be  30  lbs.  per  square  foot  on  a  train  surface  10  feet  high,  on  one  surface  of  the 
floor  and  girders  as  seen  in  elevation,  and  on  twice  the  surface  of  the  bent  as  seen  in  elevation. 
The  centre  of  pressure  on  the  train  surface  was  7^  feet  above  the  rails.  The  track  (rails, 
cross-ties,  etc.)  was  assumed  to  weigh  400  lbs.  per  linear  foot  of  track.  The  permissible,  unit 
stresses  were  8000  lbs.  per  square  inch  on  the  net  area  of  the  tension  flanges  of  girders,  8000  lbs. 
per  square  inch  reduced  for  length  by  Rankine's  formula  for  dead  and  live  load  stresses  in  the 
columns  of  the  bents,  12,000  lbs.  per  square  inch  reduced  for  length  by  Rankine's  formula  for 
lateral  struts  and  for  dead^  live^  and  wind  stresses  in  the  columns  of  the  bents,  and  15,000  lbs. 
per  square  inch  in  tension  on  all  bracing  rods  for  the  towers.  The  top  flange  of  all  girders 
was  made  of  the  same  sectional  area  as  the  bottom  flange,  and  the  moment  of  resistance -of 
the  web  was  neglected.  The  longitudinal  bracing  of  the  towers  was  proportioned  to  resist  the 
stresses  resulting  from  a  longitudinal  force  of  800  lbs.  per  linear  foot,  but  the  columns  were 
not  increased  in  area  on  account  of  this  force.  It  is  usually  assumed  that  the  sudden  braking 
of  a  train  on  a  trestle  is  of  rare  occurrence,  and  the  chances  of  it  being  done  for  the  maximum 
train  load  and  during  a  heavy  wind  are  very  remote.  The  thickness  of  the  metal  used  was 
limited  to  three  eighths  of  an  inch  as  a  minimum  everywhere  except  for  bracing,  where  five 
sixteenths  of  an  inch  metal  was  allowed. 

The  plate-girder  spans  were  found  to  vary  in  weight  according  to  the  formula 

a;  =  9/+ no, (l) 

and  the  weight  of  the  towers  was  very  closely  approximated  by  the  formula 

,       hi 
«/,=  \o.ih  --;.., (2) 

where  IV  =  weight  per  foot  of  the  spans,  /=  length  of  span,  w,  =  weight  of  the  towers /^r 
fjot  0/ track,  and  //  --  height  of  the  towers  from  the  rail  to  the  masonry.  With  these  results 
as  a  basis  the  total  weight  per  foot  of  the  trestle^  W^  is 

16,200    ,      .                ,           ,       hi, 
^=—^ +  9^. -430+10.3^-^; (3) 

where  /,  =  length  of  the  intermediate  span  plus  30  feet,  or  the  distance  between  centres  of 
towers. 

Assuming  that  the  four  pedestals*  under  a  tower  cost  as  much  as  five  thousand  pounds 
of  iron,  the  equivalent  iron  weight  per  foot  of  trestle  which  would  represent  the  cost -of  the 
pedestals  is  5000  -=-  /,.  Hence  the  total  equivalent  weight  of  iron  per  linear  foot  of  trestle,  in- 
cluding pedestals  is 

16,200                                      ^       hi,    .    5000 
^^=— —  +  9'. -430+10.3*-^  +  ^-^, (4) 


« 


The  pedestals  arc  assumed  to  cost  the  same  for  each  pedestal,  regardless  of  the  length  of  span,  which  is  generally 
iruc 
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from  which  Wy&K  minimum  when 


.  /  21,200 

^=v — ^ 


or 


^is  a  minimum  for  an  intermediate  span  of  30  feet  when  h  =    77.5 
fT"  "        "  "    "  "  "     "   40    "        "    A=  117.0 

jyu   a  u  it      i*  it  u       it     jQ     €i  «      A  =  142.0 

JF"  "        *'  "    "  "  "     **   70    "        "    A  =  172.0 

One  very  important  factor  has  been  omitted  in  the  above  investigation,  and  that  is  that 

the  cost  of  manufacture  per  pound  of  the  iron-work  in  the  girder  spans  and  the  bents  differs, 

and  as  the  spans  are  the  cheaper  this  would  tend  to  make  the  economical  span  longer  for  a 

given  height  than  that  found  by  the  formula. 

/ 
It  will  be  noticed  that  the  expression  for  the  weight  of  the  towers,  10.3A -A,  gives  a 

25 

cons/ant  weight  per  square  foot  of  the  area  included  between  the  rail  and  the  tops  of  the 

masonry  pedestals  for  a  constant  length  of  span,  /j.     Thus  for  /,  =  60  the  weight  per  square 

foot  of  the  above  area  is  7.9  lbs.,  and  this  decreases  one  twenty-fifth  of  a  pound  for  each  foot 

of  increase  in  the  length  of  /j.     This  gives  an  easily  remembered  expression  for  the  weight  of 

the  towers  and  is  one  very  widely  used.     Rapid  approximate  estimates  of  the  amount  of  iron 

required  in  the  construction  of  trestles  may  be  made  this  way. 

402.  Comparison  of  the  Cost  of  Embankment  and  of  Iron  Trestle. — It  is  often 

desirable  to  know  at  what  height  it  becomes  cheaper  to  use  an  iron  trestle  in  preference  to  an 

embankment.     The  length  of  the  intermediate  span  for  this  case  is  manifestly  the  shortest 

allowable,  or  30  feet,  as  has  become  the  established  practice.    The  weight  per  foot  of  the  girders 

or  spans  would  then  be  the  weight  per  foot  of  30-foot  spans,  and  the  weight  per  square  foot  of 

the  area  of  the  profile  is  that  for  a  length  of  span,  /.,  equal  to  60  feet.    If  we  know  the  constants 

to  use  to  get  the  above  weights  and  the  cost  per  pound  of  iron-work  erected  in  place,  the  cost 

of  the  iron-work  per  linear  foot  is  readily  obtained.     The  quantity  of  the  fill  and  the  cost  per 

yard  are  easily  obtained.     Having  the  cost  of  iron  and  of  fill  for  various  heights,  the  height 

at  which  iron  is  the  cheaper  is  readily  found.     This  may  be  reduced  to  a  formula  when  the 

constants  are   determined.     Thus  for  girders  and  towers,  as  in  eq.  (3),  the  weight  of  the 

trestle  would  be  380+  7*9^  per  linear  foot.     The  number  of  cubic  yards  per  linear  foot  in  a 

A 
fill  would  be  {b-{-  sA) —     The  cost  of  these  two  would  be  equal  when 

27. 

p{3^  +  7'9A  +  S7)  =  {6  +  sA)—.p,, (5) 

where/  =  cost  in  cents  of  the  iron  per  pound  erected,  A  =  height  of  the  trestle  or  fill  in  feet, 
i  =  width  of  the  fill  on  top  in  feet,  s  =  slope  of  the  sides  of  the  fill,  and  /,  =  costs  in  cents  per 
cubic  yard  of  the  fill  in  place.  In  the  above  equation  83  is  the  number  of  pounds  per  linear 
foot  of  trestle  which  is  equivalent  to  the  masonry  pedestals.  If  /  =  4, /,  =  25,  6  =  14,  and 
J  =  1,  we  obtain 

1852  +  31.6A  =  (14  +  'y)  ^  =  12.96A  +  1.39A',     or    ^  =  43.8  approximately.* 


*  The  cost  of  the  abutments  is  not  included  in  the  above  formula,  but  an  absolutely  correct  expression  would  take 
them  into  account.  It  would  be  extremely  difficult  to  introduce  this  factor,  as  their  cost  per  foot  of  trestle,  neglecting 
the  question  of  the  kind  of  abutment  used  (i.e.,  T,  U,  or  Wing  abutments),  depends  on  the  length  and  height  of  the 
trestle,  both  being  variable  quantities.  If  it  were  a  question  of  a  fill  throughout,  or  part  fill  and  part  trestle,  such  a 
formula  as  the  one  given  would  not  be  reliable  enough  for  practical  use.  But  if  the  query  were  when  to  stop  the  fiU 
and  begin  the  trestle,  the  error  would  be  slight. 
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403.  Design  of  the  Columns. — The  factors  which  should  govern  in  the  selection  of  the 
form  to  use  for  a  trestle  column  are  the  adaptability  of  the  section  for  the  correct  attachment 
of  the  bracing,  and  its  stiffness  and  value  as  a  strut.  The  four-Z-iron  posts  fulfil  the  first 
condition  admirably,  but  owing  to  the  small  sizes  of  Z  iron  rolled  it  requires  more  material  in 
the  effective  section  than  is  required  for  the  two-channel  or  two-channel  and  cover-plate  form. 
However,  as  the  Z  column  requires  no  latticing  and  has  but  two  rows  of  rivets,  it  is  often  the 
cheaper  section,  and  if  so  is  a  very  desirable  one  to  use. 

While  it  is  not  usually  done,  it  is  no  doubt  advisable  to  make  the  attachments  of  the 
bracing  struts  to  the  columns  very  rigid  in  order  to  add  to  the  stiffness  of  the  column.  For 
high  trestles  it  would  be  advisable  to  reduce  the  allowed  stress  per  square  inch  on  the  columns 
in  order  to  reduce  the  amount  which  they  will  shorten  under  load  and  thus  reduce  the  deflec- 
tion of  the  top  of  the  trestle. 

404.  Lateral  and  Longitudinal  Bracing. — The  bracing  for  the  towers  is  usually  laid 
out  on  a  scale  drawing  so  as  to  appear  to  the  best  advantage  as  bracing  for  the  columns.  The 
heights  of  the  stories  for  the  longitudinal  bracing  is  commonly  made  as  nearly  equal  to  the 
length  of  the  tower  span  as  practicable,  and  in  order  to  brace  the  column  in  both  directions 
at  the  point  of  attachment  of  the  longitudinal  bracing  the  stories  of  the  lateral  or  transverse 
bracing  are  made  the  same  height.  The  attachments  of  all  bracing  should  be  so  made  that 
the  neutral  axes  of  the  members  intersect  on  the  neutral  axis  of  the  column.  Trestle  columns 
are  comparatively  long  struts  and  should  be  as  free  from  eccentric  stress  as  it  is  possible  to 
design  them. 

The  tension  members  of  the  bracing  are  usually  adjustable  rods,  but  of  late  years  angle 
iron  with  riveted  connections  has  been  extensively  used.  The  latter  are  stiffer  but  are  more 
expensive,  and  it  is  extremely  doubtful  if  it  is  possible  to  secure  accurate  adjustment  and  well- 
fitting  riveted  attachments  when  they  are  used. 

The  bottom  flanges  of  the  girders  of  the  tower  span  are  generally  utilized  as  the  top 
longitudinal  strut. 

405.  Stresses  in  the  Towers. — ^The  external  forces  which  may  act  on  a  trestle  tower 
are  the  wind  pressure  on  the  exposed  surface  of  the  structure  and  the  train,  the  centrifugal 
force  of  the  train  if  the  trestle  is  on  a  curve,  the  friction  of  the  wheels  on  the  rail,  the 
weight  of  the  structure  and  the  train,  and  the  reactions  of  the  pedestals.  The  wind,  the 
centrifugal  force,  and  the  vertical  load  if  not  applied  centrally,  or  if  the  bent  is  not  symmetrical, 
stress  the  transverse  bracing.  The  friction  of  the  wheels  alone  puts  a  stress  on  the  longi- 
tudinal bracing.  The  bottom  struts  of  both  the  longitudinal  and  transverse  bracing  must  be 
made  strong  enough  to  resist  a  stress  equal  to  the  friction  of  the  column  base  on  the  bed- 
plate in  order  to  provide  for  the  effects  of  temperature.  The  amount  of  this  friction  may  be 
assumed  for  safety  as  twenty-five  per  cent  of  the  dead  load  on  the  bed-plate. 

The  stresses  in  the  towers  may  be  found  by  the  methods  given  in  Part  L  The  stresses 
for  all  the  external  forces  should  be  computed,  as  it  is  a  very  common  mistake  to  overlook  the 
effect  of  the  vertical  load  on  the  bracing. 

The  stressos  in  the  towers  are  usually  found  analytically  as  follows :  Referring  to  Fig.  409,  which  is  the 
general  case  of  a  single  track  bent  with  columns  of  different  batters,  the  stresses  for  the  loading  shown 
would  be : 

Maximum  stress  in  ^^  =  |  Wx{a  +  i)  +  W^{b  +  >fc)  +  W^ic  +  i)  +  ffV}  +  (^  +  *) ; 

"  CB^\  fVia+  W^b+  fVnC+  fV^x\-i-y; 

CD-\  lVta+  lV^b-\-  lVtC-\-  iV^{c  +  d)+  lV^\'¥(c  +  d)l 
£D=\  Wia+  Wtb+  lVtc-\-  lVt(c  +  d)-\-  IV^\-*- »\ 
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Maximum  stress  in  CF  = 


« 


•i 


M  <« 


€«  <l 


«0 


-5Z>  = 


/>/?•= 


«         <« 


^c= 


M  «     /^E-^. 


Cfi  = 


I  fv.^c+d'-  ai)  +  fVi'ic  +  d  -d)+  lV/d+  fr„>4}  +  wi ; 


*ii 


Fig.  409. 

The  maximum  stresses  given  above  for  BD,  DF,  AC,  and  CE  are  the  maximum  compressive  stresses 
only.  The  two  expressions  for  AD  and  CF  mean  that  these  members  may  possibly  receive  their  maximum 
stresses  when  the  train  is  not  on  the  trestle.  This  would  be  the  case  if  W^'x  were  greater  than  Wx'ax ,  as 
these  two  expressions  include  all  the  forces  due  to  the  train. 
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In  the  above  expressions  W^  is  that  part  of  the  weight  of  the  train,  track,  and  girders'*'  which  is 
supported  by  the  bent,  and  the  force  is  assumed  to  act  vertically  through  the  centre  of  the  track  if 
the  rails  are  of  the  same  elevation,  or  as  many  inches  from  the  centre  of  the  track  towards  the  low 
rail  as  the  outer  rail  on  a  curve  is  elevated  above  the  inner  rail,  if  the  rails  have  different  elevations. 
W\  and  W\  are  the  combined  effects  of  the  wind  pressure  on  the  train  and  the  centrifugal  force. 
The  wind  pressure  on  a  train  is  usually  taken  as  300  lbs.  per  linear  foot  of  track,  acting  ^\  feet  above 
the  rails.  The  centrifugal  force  is  assumed  to  act  5  feet  above  the  rails.  W%  and  W%  represent  the 
wind  pressure  on  the  girders  and  floor,  generally  taken  as  30  lbs.  per  square  foot  if  the  train  is  on  the  struc- 
ture, and  50  lbs.  per  square  foot  if  the  structure  is  not  loaded.  W%,  IVt,  and  IVa  represent  the  wind 
pressure  on  the  tower  concentrated  at  the  joints.  This  pressure  on  the  bents  is  generally  assumed  as  225 
lbs.  pe/  foot  of  height  of  bent  for  the  loaded  structure,  and  375  lbs.  for  the  structure  not  loaded.    Thus  IV» 

d  d 

and  W%^  would  be  taken  as  225.  — and  375.— ,  for  the  loaded  and  unloaded  structure  respectively,  and 

z  2 

Wa  ,  W^  would  be  225 . and  375  . similarly. 

z  z 

Bents  with  the  columns  inclined  differently,  such  as  the  one  illustrated,  are  seldom  used  except  for 

trestles  on  a  curve,  and  the  example  is  given  mainly  to  show  the  effect  of  the  load  W^  on  the  bracing.     For 

double  track  bents  with  inclined  columns  a  train  on  one  track  only  will  always  stress  the  bracing. 

The  bracing  is  proportioned  to  resist  the  stresses  due  to  all  of  the  above  external  forces 
except  that  of  the  vertical  train  load  at  the  limiting  allowed  unit  stresses  used  for  wind 
bracing  generally.  For  stresses  resulting  from  the  vertical  train  load  the  limiting  stresses  are 
those  used  in  the  counter-ties  and  posts  of  trusses.  For  the  stresses  in  the  columns  from 
wind,  centrifugal  force,  and  the  friction  of  the  wheels  on  the  rails,  the  practice  varies.  Some 
specifications  require  that  the  area  of  the  column  be  increased  for  these  stresses  beyond  that 
required  by  the  vertical  load  by  an  amount  in  square  inches  equal  to  the  stress  divided  by  the 
value  of  the  column  per  square  inch  as  a  lateral  or  wind  strut.  Other  specifications  require 
no  increase  in  section  until  the  stresses  from  the  above  forces  increase  the  stress  per  square 
inch  fifty  per  cent  above  that  allowed  for  the  vertical  load  on  the  column  and  then  add 
section  until  the  total  stress  per  square  inch  from  dead  load,  live  load,  wind  and  centrifugal 
force  does  not  exceed  that  amount.  It  is  generally  assumed  that  the  wind  force  and  that  of 
the  friction  of  the  wheels  on  the  rails  are  not  coexistent  forces.  The  rational  way  to  propor- 
tion the  columns  would  seem  to  be  to  use  low  permissible  stresses  for  the  working  or  duty 
stresses,  which  are  those  due  to  the  dead  and  live  loads,  including  centrifugal  force,  and  to 
increase  the  permissible  stresses  as  much  as  is  consistent  with  safety  for  wind  stresses  in  com- 
bination with  the  dead  and  live  load  stresses.  In  the  case  of  a  trestle  near  a  switch  or  a 
station  where  trains  are  continually  using  air-brakes,  it  would  be  advisable  to  include  friction 
stresses  among  the  duty  stresses. 

406.  The  Masonry  Pedestals  supporting  a  tower  are  usually  made  as  small  as  it  is 
possible  to  make  them  and  not  exceed  the  permissible  pressure  on  the  foundation.  They 
should  be  made  as  low  as  possible,  a  good  rule  being  to  have  them  extend  one  foot  above  the 
surface  of  the  ground,  in  order  to  make  them  stable  against  the  lateral  pressure  of  the 
wind.  In  all  cases  their  stability  should  be  investigated  and  ample  provision  made  for  the 
extreme  case. 

407.  Details  of  the  Towers. — Fig.s.  410,  411,  and  412  show  the  ordinary  details  for  a 
tower  with  Z-columns.  The  struts  are  all  riveted  to  the  columns,  and  the  rods  have  pin  con- 
nections. The  intersections  are  as  near  the  neutral  axis  of  the  column  as  it  is  practicable  to 
make  them.  If  the  rods  are  very  large,  or  if  they  are  stressed  by  the  live  load,  it  is  impera- 
tive that  the  intersections  of  the  neutral  axis  of  the  struts  and  rods  at  a  joint  be  on  the 
neutral  axis  of  the  column ;  but  for  the  usual  case  of  small  rods  a  slight  eccentricity  is  usually 

*  An  absolutely  correct  expression  would  separate  W-o  into  two  parts,  that  due  to  the  train  load  and  that  of  the 
track  and  girders.  It  is  not  done  here,  as  it  would  complicate  the  illustration,  and  as  it  is  only  necessary  in  the  unusual 
cafte  of  a  bent  having  columns  of  di£Ferent  batters. 
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permitted.  If  posts  composed  of  two  channels  are  usdd,  the  transverse  bracing  may  be  con- 
nected by  pins  through  the  neutrll  axis  of  the  column.  The  details  shown  will  serve  to  show 
one  method  of  connecting  the  bracing,  but  any  other  which  accomplishes  the  same  results 
would  be  satisfactory. 

The  Caps  of  the  Columns. — At  this  point  provision  must  be  made  for  supporting  the 
girders  and  for  attaching  the  transverse  and  longitudinal  bracing.  The  girder  rests  on  a 
cap  plate  riveted  to  the  top  of  the  column  by  means  of  auxiliary  angles  as  shown.  The  top  of 
the  column  is  planed  to  an  even  surface,  on  which  the  cap  plate  bears  and  transfers  the  load 
of  the  girder  directly  through  the  bearing.  The  attachment  of  the  transverse  bracing  is 
usually  simple,  the  strut  and  the  column  resisting  the  two  components  of  the  stress  in  the  rod. 
In  the  case  shown,  Fig.  410,  a  bracket  is  riveted  to  the  column,  to  which  is  riveted  the  strut, 
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and  the  rods  are  connected  to  it  with  a  pin.  The  attachment  of  the  top  transverse  strut  must 
be  made  sufficient  to  take  the  horizontal  component  of  the  stress  in  the  column.  This  com- 
ponent is  best  transferred  to  the  strut  by  rivets  through  the  cap  plate  extended  as  in  the 
sketch.     The  top  strut  is  usually  short,  and  can  be  made  cheaply  of  two  angles. 

Intermediate  Connections  to  the  Column, — At  the  intermediate  joints  the  attachments  of 
the  bracing  are  very  simple,  as  the  only  requirement  is  that  the  rivets  through  the  column  and 
through  the  struts  be  sufficient  to  transfer  the  respective  components  of  the  stresses.  If  the 
rods  are  small,  a  slight  eccentricity  in  these  attachments  is  allowable. 

A  splice  in  the  column  should  be  made  a  short  distance  above  the  joint  by  planing  the 
ends  of  the  two  sections  for  an  even  bearing  and  riveting  splice  plates  on  all  four  sides  to 
hold  the  sections  in  line,  but  relying  on  the  butt-joint  for  the  transfer  of  the  stress. 

408.  Column  Bases. — At  the  foot  of  the  column  the  bracing  is  attached  as  before,  but 
here  provision  must  be  made  for  the  distribution  of  the  pressure  over  the  masonry,  so  as  not 
to  exceed  the  permissible  bearing  pressure.  The  column  is  planed  to  an  even  surface  and 
transfers  the  load  directly  to  the  sole-plate,  which  is  stiffened  by  gusset  plates  and  angles 
riveted  to  it  and  to  the  column.  The  sole-plate  at  an  expansion  point  should  rest  on  a  bed 
plate,  in  order  that  the  friction  or  resistance  to  the  movement  of  the  column  at  this  point  may 
be  as  little  as  possible.  The  bed-plate  must  be  made  large  enough  and  sufficiently  stiff  to 
distribute  the  pressure  without  exceeding  the  limiting  bearing  pressure  per  square  inch. 

The  holes  for  the  anchor  bolts  should  be  made  circular  in  the  bed-plate  and  oblong  or 
slotted  in  tb^  §ole-plate,  to  i^llow  the  Ic^tter  to  slide  on  the  former. 
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permitted.  If  posts  composed  of  two  channels  are  usdd,  the  transverse  bracing  may  be  con- 
nected by  pins  through  the  neutral  axis  of  the  column.  The  details  shown  will  serve  to  show 
one  method  of  connecting  the  bracing,  but  any  other  which  accomplishes  the  same  results 
would  be  satisfactory. 

The  Caps  of  the  Columns. — At  this  point  provision  must  be  made  for  supporting  the 
girders  and  for  attaching  the  transverse  and  longitudinal  bracing.  The  girder  rests  on  a 
cap  plate  riveted  to  the  top  of  the  column  by  means  of  auxiliary  angles  as  shown.  The  top  of 
the  column  is  planed  to  an  even  surface,  on  which  the  cap  plate  bears  and  transfers  the  load 
of  the  girder  directly  through  the  bearing.  The  attachment  of  the  transverse  bracing  is 
usually  simple,  the  strut  and  the  column  resisting  the  two  components  of  the  stress  in  the  rod. 
In  the  case  shown,  Fig.  410,  a  bracket  is  riveted  to  the  column,  to  which  is  riveted  the  strut, 
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and  the  rods  are  connected  to  it  with  a  pin.  The  attachment  of  the  top  transverse  strut  must 
be  made  sufficient  to  take  the  horizontal  component  of  the  stress  in  the  column.  This  com- 
ponent is  best  transferred  to  the  strut  by  rivets  through  the  cap  plate  extended  as  in  the 
sketch.     The  top  strut  is  usually  short,  and  can  be  made  cheaply  of  two  angles. 

Intermediate  Connections  to  the  Column, — At  the  intermediate  joints  the  attachments  of 
the  bracing  are  very  simple,  as  the  only  requirement  is  that  the  rivets  through  the  column  and 
through  the  struts  be  sufficient  to  transfer  the  respective  components  of  the  stresses.  If  the 
rods  are  small,  a  slight  eccentricity  in  these  attachments  is  allowable. 

A  splice  in  the  column  should  be  made  a  short  distance  above  the  joint  by  planing  the 
ends  of  the  two  sections  for  an  even  bearing  and  riveting  splice  plates  on  all  four  sides  to 
hold  the  sections  in  line,  but  relying  on  the  butt-joint  for  the  transfer  of  the  stress. 

408.  Column  Bases. — At  the  foot  of  the  column  the  bracing  is  attached  as  before,  but 
here  provision  must  be  made  for  the  distribution  of  the  pressure  over  the  masonry,  so  as  not 
to  exceed  the  permissible  bearing  pressure.  The  column  is  planed  to  an  even  surface  and 
transfers  the  load  directly  to  the  sole-plate,  which  is  stiffened  by  gusset  plates  and  angles 
riveted  to  it  and  to  the  column.  The  sole-plate  at  an  expansion  point  should  rest  on  a  bed 
plate,  in  order  that  the  friction  or  resistance  to  the  movement  of  the  column  at  this  point  may 
be  as  little  as  possible.  The  bed-plate  must  be  made  large  enough  and  sufficiently  stiff  to 
distribute  the  pressure  without  exceeding  the  limiting  bearing  pressure  per  square  inch. 

The  holes  for  the  anchor  bolts  should  be  made  circular  in  the  bed-plate  and  oblong  or 
slotted  in  the  §ple-plate,  tp  i^llow  the  Ic^tter  to  slide  on  the  former. 
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ni.  ELEVATED  RAILROADS. 

409.  Characteristic  Features. — ^An  elevated  railroad  differs  from  a  trestle  in  being 
lower,  and  in  the  fact  that  it  usually  occupies  the  streets  of  a  city.  The  height  is  the  least 
allowable  for  wagon  traffic  beneath  it,  and  the  provision  for  this  traffic  usually  prohibits  the 
use  of  vertical  diagonal  bracing,  either  longitudinal  or  transverse.  It  is  therefore  a  railway,  of 
two  or  more  tracks,  supported  upon  a  series  of  short  iron  or  steel  columns,  providing  from 
fourteen  to  sixteen  feet  clearance,  without  complete  systems  of  vertical  diagonal  bracing. 
Such  railroads  generally  have  a  very  heavy  traffic  also,  especially  in  the  number  of  the  trains ; 
and  this  demands  a  very  rigid  structure,  not  liable  to  be  racked  to  pieces.  Because  the 
diagonal  vertical  bracing  cannot  extend  to  the  foundations,  there  may  be  very  large  bending 
moments  produced  in  the  columns,  from  lateral  wind  and  centrifugal  forces,  and  from  the 
rapid  slowing  up  of  trains  when  stopping,  which  produce  great  longitudinal  thrusts.  If 
the  columns  are  free  to  turn  at  either  end,  as  they  would  be  if  pin-connected  or  insecurely 
attached  at  these  points,  the  bending  moment  is  about  twice  as  great  in  them  as  it  is  when 
they  are  rigidly  held  by  adequate  anchorage  and  top  connections.  It  is  very  important, 
therefore,  to  provide  such  ^Anchorage  and  connections  as  will  effectually  fix  the  posts  in  direc- 
tion at  their  extremities,  this  being  one  of  the  most  important  features  of  this  class  of  structures. 

As  to  styles  of  superstructure,  it  may  be  said  that  both  the  girders  and  floor-beams  are 
now  made  up  with  solid  webs,  or  as  plate  girders.  If  a  lighter  structure  is  desired  than  can 
be  obtained  in  this  way,  then  a  riveted  lattice  girder  may  be  used  ;  but  great  care  should  be 
given  to  its  design  and  construction,  a  sufficient  number  of  rivets  used  in  making  the  joints, 
and  all  gravity  lines  made  to  intersect  in  a  point  at  every  joint  if  possible.  Both  legs  of  all 
web  angles,  also,  should  be  joined  to  the  chord  sections,  so  that  these  members  can  receive 
their  loads  over  their  entire  cross-sections  and  not  through  one  leg  only,  as  is  so  often  done. 
As  for  pin-connected  trusses  for  such  structures,  they  should  not  even  be  considered. 

In  the  following  articles  on  this  subject  only  such  matters  will  be  discussed  as  are  peculiar 
to  this  class  of  structures,  and  a  few  of  the  best  examples  illustrated. 

It  goes  without  saying  that  an  all-masonry  or  embankment  support  for  an  elevated  rail- 
way (except  on  street-crossings)  is  far  superior  to  one  of  steel  girders  and  columns  ;  but  when 
the  road  occupies  the  public  streets  or  alleys  this  is  impracticable,  and  in  any  case  it  is  more 
expensive.  The  elevated  railway  system  of  Berlin  is  built  in  this  way,  largely  for  the  pur- 
pose of  preventing  the  noise  which  always  accompanies  a  rapidly  moving  train  upon  a 
metallic  structure.  The  tracks  of  the  Pennsylvania  Railroad  Company  in  Philadelphia  are 
also  carried  upon  a  masonry  structure.  On  the  Berlin  system  the  tracks  on  the  bridges  which 
cross  the  streets  are  embedded  in  gravel,  also  for  the  purpose  of  preventing  the  noise  of 
passing  trains. 

The  details  of  an  elevated  structure  should  be  worked  out  with  great  care,  with  a  view  to 
permanent  stability  as  well  as  to  economy.  The  duplication  of  parts  causes  small  savings  in 
design  to  accumulate  to  considerable  sums  in  many  miles  of  the  structure. 

410.  The  Live  Loads. — Elevated  roads  built  for  standard  traffic  are  of  course  designed 
to  carry  the  same  engine  and  train  loads  as  the  bridges  of  the  same  line.  Roads  built  for  city 
or  suburban  passenger  rapid-transit  service  are  designed  for  the  particular  styles  of  motors  and 
cars  which  are  expected  to  run  upon  them.  It  has  been  common,  however,  in  this  class  of 
structures  to  greatly  underrate  the  future  requirements,  so  that  within  a  few  years  of  the 
inauguration  of  the  system  the  actual  loads  are  far  in  excess  of  those  for  which  the  structure 
was  built. 

The  following  wheel-load  diagram,  Fig.  413,  which  gives  the  loads  on  one  rail,  or  one 
half  the  train  loads,  was  used  in  designing  the  Chicago  and  South  Side  Elevated  in  189U 
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Tliis  provides  for  forty-four-ton  engines  and  thirty-two-ton  cars,  which  are  both  considerably 
greater  than  are  actually  used. 
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Fig.  413. 

It  has  been  customary  to  provide  for  thirty-ton  *  engines  and  twenty-eight-ton  cars,  hav- 
ing a  wheel  base  as  shown  in  Fig.  414,  where  the  loads  on  one  rail  are  again  shown. 


5'4, .-.  w' 4.5'J^"^'-7^ 


~— fngine  '—        » 


± 


§  §         §  §§§§§§§§  §  § 


t^ef  «Jc<^^,-;^^KK  tJK 


Fig.  414. 

The  computations  of  stresses,  and  the  dimensioning  of  all  the  parts,  have  been  fully 
explained  elsewhere  in  this  work. 

411.  The  Lateral  and  Longitudinal  Stability  and  stiffness  of  these  structures  is 
dependent  upon  the  stiffness  of  the  columns.  Three  different  methods  have  been  used,  in 
which  the  object  sought  was  to  secure  the  greatest  stiffness  with  the  least  cost.  The  old 
method  was  to  anchor  the  columns  firmly  to  adequate  foundations,  and  connect  the  cross  and 
longitudinal  girders  to  them  loosely  at  the  top.  In  this  plan  the  column  was  assumed  to  be 
anchored  at  the  bottom  and  **  free-ended  "  at  the  top.  The  bending  moment  which  the 
column  was  proportioned  to  resist  was  equal  to  the  horizontal  force  at  the  top  multiplied  by 
the  height  of  the  column.  Another  method  is  the  exact  reverse  of  the  above,  as  in  this  case 
the  connection  of  the  cross  and  longitudinal  girders  with  the  column  is  made  rigid,  and  the 
connection  with  the  foundation  is  made  only  sufficient  to  resist  lateral  displacement.  The 
columns  in  this  case  are  assumed  to  be  fixed  or  anchored  at  the  top  and  "  free-ended  "  at  the 
bottom.  The  bending  moment  for  which  the  column  is  to  be  proportioned  is  the  same  as  in 
the  former  method.  The  latest  method  is  a  combination  of  these  two,  as  in  this  plan  the 
columns  are  anchored  rigidly  to  adequate  foundations  at  the  bottom,  and  to  the  cross  and 
longitudinal  girders  at  the  top.  Changes  of  temperature  produce  a  small  stress  in  the  structure 
when  this  plan  is  used.  It  is  probably  insignificant,  but  should  always  be  computed.  The 
columns  are  therefore  assumed  to  be  fixed  in  direction  at  both  ends,  and  the  bending  moment 
which  they  are  proportioned  to  resist  is  about  one  half  of  the  product  of  the  horizontal  force 
into  the  height  of  the  column.  The  first  and  third  methods  require  expensive  and  reliable 
foundations,  while  the  second  method  requires  the  lea.st  amount  of  foundation  possible  in  any 
case.  The  first  and  second  plans  require  about  the  same  amount  of  iron  in  their  construction, 
and  more  than  is  required  by  the  third  plan. 

If  the  design  of  the  structure  is  such  that  each  track  is  supported  by  a  single  line  ot 
columns  that  have  no  connection  with  the  columns  under  the  other  track,  it  is  absolutely 
necessary  to  "fix"  or  anchor  the  columns  to  the  foundations,  as  this  is  the  only  means  of 
securing  lateral  stability. 

Double-track  structures  have  been  supported  on  a  single  line  of  columns,  and  in  such 
cases  the  anchorages  must  be  able  to  resist  the  bending  moment  due  to  the  eccentric  loading 
of  the  tracks  in  addition  to  that  of  the  lateral  forces. 


Thirty-five-ton  engines  have  been  uied  on  leme  of  the  elevated  patit nger  roads  in  New  York  City. 
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The  wind  pressure  on  elevated  railway  structures  is  taken  at  30  lbs.  per  square  foot  oi 
exposed  surface,  and  the  protection  afforded  by  adjacent  buildings  is  usually  neglected.  The 
longitudinal  force  is  assumed  to  be  that  due  to  the  sudden  application  of  air-brakes  to  a 
moving  train,  checking  the  wheels  and  causing  them  to  slide  on  the  rails.  The  coefficient  of 
friction  is  taken  as  \. 

Expansion  Joints  are  provided  in  elevated  railway  structures  at  intejvals  of  about  200 
feet.  For  riveted  trusses  the  longitudinal  girders  slide  on  the  top  flange  of  the  cross-girder,  as 
shown  in  Fig.  420.  The  usual  expansion  joint  for  plate-girder  construction  is  shown  in  Plate 
XI.  The  longitudinal  girder  rests  freely  on  a  shelf  or  bracket  built  out  from  the  cross-girder. 
It  is  customary  to  have  the  longitudinal  girders  on  one  side  of  the  cross-girder  rigidly  connected 
to  the  cross-girder  at  an  expansion  joint. 

When  the  expansion  joint  is  a  suspended  one,  as  when  the  girder  and  cross-beam  have 
about  the  same  depth,  the  construction  shown  in  Figs.  415  and  416  may  be  followed.* 


The  merit  of  this  joint  hes  in  the  cast-iron  filler  piece  having 


given  to  the  pocket-plate.     By  the  aid 


curved  bottom  which  fits 
f  this  cast-iron  support  the  upward  pull  on 


UngiHeeriHg  News,  May  ^5.  1893, 


e  Quaker  City  and  Nonh«as(ern  Elevated  Rait  nays  of  Philadelphia.     See 
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the  sides  of  the  pocket-plate  is  transmitted   uniformly  over  the  bearing  area  of  the  longitu- 
dinal girder. 

The  casting  is  bolted  to  the  pocket-plate,  and  the  girder  slides  upon  it. 

Foundation  Joints, — An  accurate  and  even  bearing  of  the  columns  upon  the  cap-stones  0£ 
the  foundations  is  of  the  utmost  consequence.  It  is  impossible  to  make  these  parts  fit  exactly 
after  the  structure  is  riveted  up,  however  much  care  may  have  been  taken  in  the  shop  and 
foundation  work.  If  the  bearing  is  not  even,  the  weight  of  the  structure  with  its  load  will 
come  upon  one  side  of  the  column  section,  thus  giving  to  it  an  excessive  bending  moment 
which  it  was  not  designed  to  carry,  and  greatly  overstressing  a  portion  of  the  crosa-section. 

To  insure  an  even  bearing  it  is  absolutely  necessary  to  wedge  up  the  post,  after  riveting 
up,  until  it  bears  evenly  on  all  sides,  and  until  it  is  raised  about  three  eighths  of  an  inch  from 
the  stone.  Then  fill  this  space  with  Portland  cement  or  iron-rust  cement,  made  of  iron  filings 
or  trimmings  mixed  with  sal-ammoniac.  This  should  be  rammed  to  place  with  a  thin  steel  or 
hard  wooden  blade,  and  allowed  to  harden  before  the  wedges  are  removed,  and  the  anchor-bolt 
nuts  screwed  down  hard.  If  the  posts  are  socketed  in  cast-iron  pedestals  and  sealed  in  place  by 
long  iron-rust  joints,  as  described  in  Art.  413,  the  ideal  conditions  are  probably  realized. 

4x2.  General  Case  of  Horizontal  Forces  Acting  on  an    Elevated    Railway  with  Columns  fixed   at   the 

Ground. — In  Fig.  417  let  the  horizontal  force  P  act  upon  the  -^-j r— p 

train  and  structure,  so  that  its  centre  of  pressure  is  at   the  I  | 

height  h  from  A  and  h'  from  A',  the  supports  being  on  ground  ,  j 

not  level  transversely.     Let  the  lateral  system  CDD'C  be  sup-  R--* 
posed  to  be  rigid  as  compared  to  deflections  of  the  columns,  so 
that  the  conditions  assumed  in  Art.  151.  Chap.  X,  are  fulfilled. 
Then  we  have,  from  eq.  (20),  Art.  151, 


JTo 


(6) 


To  find  the  relative  values  of  /Tand//"',  the  sum  being  equal 
to  P,  we  may  resort  to  the  use  of  Proposition  III,  Art.  200,  Chap. 
XV,  according  to  which  the  load  P  divides  itself  between  the 
columns  in  direct  proportion  to  their  relative  rigidities;  or  in- 
versely as  their  deflections  at  the  points  D  and  H,  for  the  same 
horizontal  forces,  or  shears,  acting  between  ^  and  Z>  in  the  one 
case  and  between  A'  and  D  in  the  other.  Hence  we  may 
write 

IT'^T <7) 

where  ^  and  ^'  are  unequal  horizontal  deflections  of  D  and  Z^ 
respectively  for  the  same  horizontal  reaction  acting  throughout 
their  lengths  from  A  and  A'  to  D  and  U. 

For  this  condition   it  was  shown  in  Art.  151,  eq.  (20),  that 


Fig.  417. 


the  point  of  inflection  is  situated  at  a  distance  above  the  base  equal  to  (Fig.  417) 

^•-2U  +  ^/-~^ll^TrJ <^ 

Since  the  column  may  be  supposed  to  be  cut  at  this  point  of  contraflexure  the  given  horizontal  reaction,  A', 

may  be  supposed  to  act  here  towards  the  left  on  the  lower  portion  (Fig.  417)  and  towards  the  right  on  the 

upper  portion  of  the  column,  or  the  moment  at  any  part  of  the  column  below  D  may  be  expressed  by  the 

equation 

M^^,=./(r(xo-x) (9) 

To  find  the  deflection  of  the  point  D  with  reference  to  A,  we  have  from  the  equation  of  the  elastic  line 


'dx^^Ei'^J:^'''-^''^' 


(10) 


In  this  equation  c  —  z  ■\-  e  oi  Fig.  417. 
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Integrating. 
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l^=:§[^*^-?(+^='')} 


•ince  for  JT  =  o,     —  =  o, 

dx 


since  for  jr  =  o,    ^  =  o. 

For  jr  =  5r,  we  h&vey  =  J,  the  deflection  at  Z>,  or 


0' 


and  similarly  for  the  deflection  at  Z)'  for  the  same  force  K  in  the  other  column. 


From  eq.  (8)  we  have 


and  similarly. 


where  <f  =  ^  —  jar,  as  shown  in  Fig.  2oSa. 

Substituting  these  values  of  xo  and  Xo'  in  eqs.  (13)  and  (14),  we  obta 


m 


2/  = 


\2EI 


and  similarly, 


2/'  = 


z'^K 


e 
3  +  4-7 


Whence,  from  eq.  {7),  we  obtain 


i2i:/'\        .  e 


Lut  H+H'=iP,  therefore, 


H'  = 


and 


H=zP^H'. 


•    ••••••• 


1/ I=r,  both  of  these  disappear  from  the  formulae. 

If  z'=z  z\  or  if  the  supports  are  on  a  level,  then  eq.  (20)  becomes 

pr 


//'  = 


/+/" 


P 


=  -     when  /  =  /'. 

2 


(") 


(12) 


(13) 


EI'\_   2        6  J ' (14) 

~  2\2S  +  c)  ~  2\l2  +  e    } '     •     •     •     (»S) 


~2\3^  +  *  j (16) 


(17) 


(18) 


(19) 


(20) 


•     •     .     (2I> 


(aa) 


;,.  =  ;..'  =  ?f  3!L±if> 
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Ife=zo,  which  corresponds  to  the  case  of  a  column  fixed  in  direction  at  D,  as  when  the  columns  are 
joined  by  a  plate  girder  extending  from  C  to  Z7,  we  have,  from  eq.  (20), 

pn' 

To  find  the  point  of  application  of  H^  or  the  point  of  inflection,  we  have  from  eqs.  (15)  and  (16^  * 
Far  JBT  =  y,  or  for  supports  on  a  level, 

i(5^/) <^> 

For  /  ss  o^  or  for  columns  fixed  in  direction  at  D,  as  by  a  plate  girder  from  D  to  C  we  have 

•^•  =  f; (25) 

or  the  point  of  inflection  is  midway  between  A  and  D. 

Far  /  =  jsr,  or  for  open  bracing  in  the  upper  half  of  the  bent,  we  find 

x%^\z (25) 

or  the  point  of  inflection  is  f  of  the  distance  AD  from  A, 

After  having  found  H  and  H*  and  their  points  of  application  for  any  case,  the  resulting  bending 
moments  and  direct  stresses  are  readily  computed  by  the  ordinary  methods  of  Art.  115. 

413.  Selected  Examples. — In  Plate  XI  are  shown  the  general  and  detail  drawings  of 
the  elevated  portion  of  the  Merchants'  Terminal  Railway  of  St.  Louis.  It  is  of  the  plate- 
girder  style  of  construction  throughout,  and  carries  a  double  track  for  standard  railway  traffic. 
It  is  provided  with  an  expansion  joint  in  every  second  panel,  and  the  posts  are  effectually 
anchored  to  the  ground.  The  bearings  on  the  foundation-stones  were  made  by  packing  iron 
filings  and  sal-ammoniac  between  foot-plate  and  cap-stone  after  the  structure  was  riveted  up. 
The  columns  are  assumed  to  be  fixed  in  direction  at  both  top  and  bottom.  Wherever  it  was 
possible  both  the  lateral  ind  the  longitudinal  bracing  reached  to  the  bases  of  the  columns. 
Where  this  was^not  possible  an  auxiliary  lattice  longitudinal  bracing  was  used  where  the 
plate  stringer  was  higher  than  14  feet  from  the  pavement,  as  shown  in  the  plate. 

This  structure  was  built  by  the  Phoenix  Bridge  Company,  under  the  direction  of  Robert 
Moore,  M.  Am.  Soc.  C.  E.,  as  Chief  Engineer,  and  is  thought  to  be  one  of  the  best  examples 
of  standard  elevated  railway  construction. 

The  Chicago  and  South  Side  Elevated  Railway  is  about  eight  miles  long,  and  extends 
from  the  heart  of  Chicago  to  Jackson  Park.  It  is  built  mainly  on  a  purchased  right  of  way 
30  feet  wide,  alongside  an  alley.  It  is  designed  for  passenger  traffic  only.  The  general 
plans  are  shown  in  Figs.  418  and  419.  The  stringers  are  plate-girders  forming  spans  of  from 
35  to  60  feet.  The  standard  structure  has  no  cross-beam,  properly  speaking,  the  girders  being 
carried  directly  by  the  columns,  the  tops  of  which  spread  sufficiently  to  do  this.  In  place  of 
the  cross-beam  is  a  system  of  diagonal  bracing,  as  shown  in  Fig.  419.*  The  columns  are 
firmly  anchored  to  a  foundation  of  masonry  7  feet  square  at  the  base  and  reaching  to  a  depth 
of  10  feet.  The  upper  portion  of  this  is  a  cast-iron  cap  24  inches  high,  provided  with  sockets 
2ii  in.  deep  to  receive  the  channel  bars  forming  the  columns.  This  casting  is  bolted  to  the 
masonry  by  four  i  J-in.  anchor  rods,  and  the  channel  bars  are  absolutely  joined  to  the  cast-iron 
base  by  means  of  an  iron-rust  cement  composed  of  iron-filings  and  sal-ammoniac,  which  was 
tamped  into  the  surrounding  spaces  after  the  structure  was  riveted  up.  Mr.  Robert  S.  Sloan, 
M.  Am.  Soc.  C.  E.,  was  Chief  Engineer,  and  it  was  erected  by  the  Keystone  Bridge  Com- 
pany of  Pittsburg. 

*  For  a  detailed  and  illusUrated  description  of  this  structure,  witb  its  passenger  stations,  see  Eng,  News  of  Jan.  16^ 
1892. 
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FiG.  420.— Kings  County  Elevated  Passenger    Railway  of  Brooklyn,  N.  Y.,  built  in  1887. 
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Fig.  419. — Cross-seci  ION  of  the  Chicago 
AND  South  Side  Elevated  Railway. 
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Fig.  4200.— Kings  County  Elbvatux 
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The  Kings  County  Elevated  Passenger  Railway ^oi  Brooklyn,  New  York,  is  illustrated  in 
Fig.  420.  This  structure  was  designed  in  1885  ^^^  built  in  1887.  The  charter  required  it  to 
be  of  the  lattice-girder  type,  and  to  be  placed  over  the  centre  of  the  street.  It  was  designed 
and  built  by  the  Phcenix  Bridge  Company.  The  cross-girders  are  in  pairs,  resting  on  Phcenix 
columns,  being  joined  only  through  the  top  plate  of  the  column.  The  structure  is  cheap 
in  first  cost,  but  not  as  rigid  as  it  should  be  for  heavy  traffic.  The  columns  are  not  very 
rigidly  attached  at  either  top  or  bottom,  and  as  for  longitudinal  stability,  it  has  very  little. 
It  is  by  no  means  an  ideal  structure,  but  a  fair  example  of  the  earlier  forms  of  rapid-transit 
elevated  railways. 

Plate  XII  contains  the  general  drawings  of  the  four-track  steel  viaduct  of  the  New  York 
Central  and  Hudson  River  Railroad  erected  in  Park  Ave.,  New  York  City,  1893.*  It  rests  on 
three  rows  of  columns,  carrying  three  steel  plate  girders  of  about  65  feet  average  span, 
and  of  a  depth  of  7  feet.  The  columns  are  bolted  to  broad  cast-iron  bases,  which  in  turn 
rest  on  masonry  piers,  so  that  they  may  be  considered  as  fixed  at  the  ends.  At  top  they  are 
braced  in  all  ways  by  means  of  curved  plate  brackets. 

There  are  neither  cross-girders  nor  cross-ties  properly  speaking.  The  structure  is  braced 
laterally  by  means  of  a  lattice  construction  between  the  main  girders  on  the  deck  portion  and 
by  the  column  brackets  and  gusset  knee-braces  on  the  through  portion.  The  floor  is  of  solid 
box-construction,  made  up  of  f-inch  steel  plates,  the  rectangular  elements  being  17  inches  high 
and  15  inches  wide.  These  extend  entirely  across  the  whole  floor  and  rest  on  the  three  gir- 
ders in  the  deck  portion  and  are  riveted  between  the  girders  on  the  through  portion.  This 
forms  a  solid  steel  floor,  on  which  the  rails  rest  directly  as  shown  in  the  plate.  The  floor  acts 
as  so  many  eye-beams,  or  plate  cross-girders,  having  a  height  of  17  inches,  and  f-inch  webs 
placed  every  15  inches  throughout  the  entire  length  of  the  structure. 

This  road  will  carry  some  five  hundred  trains  a  day  upon  its  four  tracks,  and  is  supposed  to 
embody  the  latest  and  best  practice  in  elevated  railways  for  standard  traffic.  The  space  between 
the  column  bases  and  the  cast-iron  wheel-guards  is  filled  with  Portland-cement  mortar.  The 
drawings  are  so  complete  that  is  not  necessary  to  describe  them  further. 

414.  Economical  Span  Lengths  and  Approximate  Cost. — The  cost  of  different  kinds 
of  construction  varies  but  little,  if  each  kind  is  designed  for  maximum  economy.  The  eco- 
nomical span  lengths  vary.  For  plate-girder  construction  a  span  length  of  from  40  to  50  feet 
will  result  in  the  greatest  economy  of  total  cost  (including  foundations).  For  riveted  trusses 
the  span  length  should  be  from  50  to  60  feet.  The  economical  and  proper  depths  for  riveted 
trusses  necessitate  raising  the  level  of  the  track,  as  the  clearance  or  height  from  the  street 
surface  to  the  under  side  of  the  iron-work  must  remain  the  same :  and  this  constitutes  a  very 
important  and  valid  objection  to  this  style  of  construction. 

The  weight  of  iron  in  the  superstructure  of  an  ordinary  well-designed  double-track  ele- 
vated railroad  structure  for  passenger  traffic  varies  from  2000  to  2500  tons  per  mile,  and  the 
cost  per  mile  of  such  a  structure,  including  superstructure,  track,  station  buildings,  and  foun- 
dations, varies  from  $180,000  to  $225,000.  The  cost  per  mile  of  a  standard  double-track 
elevated  railway  suitable  for  heavy  freight  traffic,  including  foundations,  but  not  including 
station  buildings,  will  be  from  $325,000  to  $360,000. 

•  Described  in   Engineering  News,  May  25,  1893,     Walter  Katt6,  M.   Am.  Soc.  C.E.,  Chief  Engineer;  Gea   H 
Thomson,  M.  Am.  Soc.  C.E.,  Engineer  of  Bridges. 
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CHAPTER  XXVI. 
THE  ^ESTHETIC  DESIGN  OF  BRIDGES* 

INTRODUCTION. 

415.  Development  of  Esthetics. — The  character  of  a  people,  a  nation,  or  an  age  is 
manifested  in  its  artistic  productions.  The  forms  which  are  bred  into  the  mind  from  in- 
fancy determine  its  peculiar  taste  for  beauty.  Out  of  the  multitude  of  nature's  phenomena 
the  human  mind  striveis  to  conceive  the  laws  governing  their  relationship.  It  is  possible  to 
formulate  a  clear  and  harmonious  conception  of  the  seemingly  optional  purpose  of  things,  only 
by  comprehending  the  deep  necessities  of  nature's  laws.  Originally  man  had  only  natural 
products  after  which  to  pattern,  and  the  primitive  ideas  of  art  were  improved  through  the 
progress  of  generations  until  the  different  races  of  the  earth  gave  rise  to  the  various  archi- 
tectural forms.  These  forms  are  peculiar  to  the  surroundings,  the  necessities,  and  the  degree 
of  civilization  of  a  people. 

When  we  utilize  the  laws  governing  gravitation  and  the  strength  of  material  for  the  use 
and  convenience  of  man,  we  create  artificially  that  which  nature  has  exemplified.  A  pleasing 
effect  will  be  produced  by  accustomed  forms,  which  shows  that  we  are  strongly  influenced  by 
surroundings  and  governed  by  our  environment.  When  human  creations  contradict  nature, 
then  they  cease  to  comply  with  our  aesthetic  feeling.  In  the  course  of  architectural  develop- 
ment we  depart  from  the  rudimentary  ideas.  As  long  as  the  mind  keeps  pace  with  this 
departure  it  retains  the  feeling  of  aesthetic  satisfaction.  When  the  simple  form  and  purpose 
of  a  structure  become  so  disguised  that  the  mind  cannot  grasp  them,  then  the  effect  will  be  to 
create  dissatisfaction,  which  is  contrary  to  all  ideas  of  beauty. 

Since  the  civilized  world  lays  a  strong  claim  to  good  taste,  and  since  bridges  are  monu- 
mental to  the  advances  of  civilization,  their  design  may  well  be  subjected  to  the  laws 
governing  aesthetics.  The  theme  of  this  chapter,  therefore,  will  be  to  consider  the  purpose 
of  a  bridge  from  a  higher  standpoint  than  that  of  absolute  necessity,  and  to  characterize  its 
form  with  the  attribute  of  beauty. 

416.  Hindrances  to  Artistic  Design. — There  are  two  considerations  which  singly  or 
combined  would  oppose  artistic  design.  One  of  these  is  given  by  local  conditions,  such  as 
legal  requirements,  inadequate  building  material,  or  unsuitable  location.  These,  when  unavoid- 
able, will  often  excuse  the  engineer  if  his  design  is  not  artistic,  but  in  many  cases  good 
judgment  combined  with  sound  aesthetic  principles  will  aid  in  producing  a  better  result  than 
would  ordinarily  be  obtained.  The  other  and  perhaps  more  common  reason  is  found  in 
financial  considerations.  These  difficulties  will,  however,  not  excuse  the  majority  of  gross 
violations  of  aesthetic  design  which  we  find  everywhere.  It  might  be  in  place  here  to  attempt 
an  explanation  of  some  of  the  foremost  causes  of  such  violations. 

With  the  aim  of  obtaining  cheap  work  .competition  is  invited,  resulting  in  favoring  the 
lowest  bidder.  Unless  the  artistic  appearance  of  a  structure  is  imposed  as  a  necessary  feature, 
it  is  rarely,  if  ever,  considered  by  contractors.  Their  sole  object  is  to  satisfy  only  the  absolute 
requirements  of  strength  and  dimensions.     Another  cause  is  the  general  lack  of  good  taste. 

*  Through  an  OTersight,  which  ia  sincerely  regretted  by  the  authors,  no  credit  was  given  in  the  first  editions  of  this 
worlc  to  Prof.  R.  Baumeister  for  valuable  suggestions  for  this  chapter  found  in  his  "  Handbuch  der  Ingenieur-Wissen* 
scbaften  "  ;  also  for  the  cuts  in  Plates  XIV,  XV,  and  XVI,  and  for  designs  i  to  21  and  30  10  32  of  Plate  XX.  See  also 
a  series  of  illustrations  of  beautiful  European  bridges  in  7'Af  E'gineering  hi^corU for  1901. 
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It  is  hoped  by  bringing  this  subject  before  American  engineers  to  realize  an  advance  in  the 
aesthetic  design  of  bridges. 

Out  of  the  consideration  that  the  general  public  lays  stress  on  the  appearance  of  ^its 
bridges  in  cities,  parks,  etc.,  and  often  appropriates  money  to  supply  this  want,  we  realize  an 
advance  in  artistic  taste.  At  the  same  time  the  financial  consideration  is  regarded  as  the 
most  important  feature  in  public  works ;  therefore  the  question  of  aesthetics  is  barred  out  on 
general  principles.  But  rightly  considered,  these  two  factors  are  not  necessarily  contradictory. 
As  above  stated,  there  are  instances  where  the  engineer  is  bound  by  so  many  unavoidable 
restrictions  that  a  pleasing  or  satisfying  result  cannot  be  attained.  But  where  such  limitations 
do  not  exist  and  the  competent  designer  is  left  to  his  own  discretion,  the  primary  form  may  as 
well  be  artbtic  as  otherwise.     It  costs  nothing  to  display  good  taste* 


FUNDAMENTAL  PRINCIPLES. 

4x7.  Artistic  Analysis. — ^While  the  object  of  structural  analysis  demands  scientific 
perfection  of  every  material  consideration,  the  artistic  analysis  consists  in  supplying  aesthetic 
satisfaction  or  beauty  of  appearance.  The  superiority  of  artistic  over  simple  natural  beauty 
is  due  to  the  clearer  display  of  the  laws  governing  taste.  We  will  classify  the  primary  ideas 
underlying  aesthetic  design  in  the  order  of  their  importance : 

4x8.  Symmetry  is  the  fundamental  idea  of  aesthetics.  The  symmetrical  order  of  a  series 
of  spans  with  respect  to  a  centre  line  gives  the  impression  of  clearness  of  principle.  The 
mind  finds  no  cause  to  question  the  general  disposition  (see  PL  XXIII).  Spans  of  different 
lengths  placed  without  regard  to  symmetry  would  call  forth  criticism  (PL  XXII).  When  a 
channel  span  does  not  fall  in  the  middle  of  a  river,  or  the  foundations  compel  unfortunate 
location  of  piers,  in  each  case  the  cause  for  unsymmetrical  disposition  remains  hidden.  Where 
the  form  clearly  shows  its  adaptation  to  the  natural  profile  the  laws  of  symmetry  may  be 
violated  without  disturbing  the  good  general  effect  (Fig.  2,  PL  XXIV).  If,  however,  the 
possibility  for  symmetrical  balance  is  visible,  the  result  will  be  unfavorable  (see^^l.  XXII). 

419.  The  Style  of  a  Structure  should  be  in  conformity  with  the  surrounding  landscape. 
A  bridge  in  a  wild  surrounding  of  rocks  and  forests  over  a  swift  mountain  stream  should  be 
bold  in  appearance.  The  masonry  should  be  coarse,  unfinished,  only  showing  clearly  the 
traces  of  artistic  order  in  contradistinction  to  nature's  wilds  (Fig.  2,  PL  XXVII).  If  the  rocky 
cliffs  be  very  massive,  the  structure  should  accordingly  convey  that  impression.  In  such  a 
landscape  nothing  can  be  mor^  appropriate  than  a  heavy  masonry  arch. 

There  should  be  no  doubt  as  to  the  relative  importance  of  landscape  or  bridge.  If  the 
latter  be  large  in  proportion,  it  should  stand  out  in  relief,  robbing  the  landscape  of  its 
supremacy  (Figs,  i  and  2,  PI.  XXI,  and  Fig.  i,  PL  XXXI).  On  the  other  hand,  if  the  bridge 
be  comparatively  insignificant,  then  it  is  proper  rather  to  underestimate  its  value.  The  result 
will  be  decidedly  in  favor  of  producing  a  pleasing  effect. 

In  a  thinly-wooded  surrounding,  as  in  a  public  park,  a  structure  should  also  have  a  graceful 
and  more  finished  appearance  (Fig.  i,  PL  XXVII).  If  it  is  a  city  bridge  in  the  vicinity  of 
immense  buildings,  perhaps  of  beautiful  designs,  then  we  must  look  to  a  majestic  harmony 
with  the  prevalent  style  of  the  neighboring  architecture  (see  Pis.  XXV  to  XXXI,  and  details 
on  Pis.  XIV  to  XVII).  The  masonry  will  consist  mostly  of  cut  stone  to  give  the  neat  and 
clean  outline  characteristic  of  the  city. 

In  a  general  way,  we  must  be  careful  not  to  carry  any  one  feature  to  the  extreme,  as  this 
would  destroy  the  harmony  and  thus  detract  from  the  general  appearance. 

420.  The  General  Form  should  never  disguise  the  purpose  of  a  structure,  but  should 
aid  in  impressing  the  mind  with  visible  strength  and  proper  adaptation  to  purpose. 
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Similar  means  must  be  employed  to  accomplish  similar  ends.  This  maxim  establishes 
order  and  purpose  of  form.  A  bridge  consisting  of  several  masonry  arches  and  several  metal 
spans  of  equal  lengths  will  not  appear  harmonious  in  design  unless  these  are  properly  grouped 
(see  Figs.  7  and  9,  PL  XXII).  Even  then  the  question  arises,  why  would  not  the  same  material 
have  answered  for  all  the  spans?  Certainly  in  such  a  case  it  would  be  more  in  accordance  with 
good  taste  to  place  longer  metal  spans  in  the  centre  or  most  important  part  of  the  bridge,  and 
to  mark  distinctly  the  lesser  importance  of  the  adjoining  masonry  arches,  as  on  PL  XXII L 
This  divides  up  the  structure  into  main  bridge  and  approaches. 

The  artistic  form  strives  to  make  clear  the  relation  between  the  different  members;  not 
only  to  emphasize  certain  ones,  but  to  show  the  dependence  of  one  upon  another.  This 
explains  the  preference  of  artistic  form  to  sober  design.  When  the  static  principles  under- 
lying a  structure  are  inconceivable  to  the  public  mind,  the  latter  will  not  be  impressed  with 
the  idea  of  safety  or  beauty.  In  such  instances  the  safety  is  actually  demonstrated  by  tests 
which  are  often  intended  to  win  over  public  prejudice.  It  is  therefore  easy  to  understand 
why  the  recent  developments  in  engineering  are  not  generally  considered  beautiful.  No 
matter  what  technical  advantages  they  may  possess,  we  must  accustom  ourselves  to  the  new 
form  and  develop  a  liking. 

A  stream  spanned  by  a  bridge  of  less  length  than  the  breadth  of  stream  would  make  the 
structure  appear  inadequate  (Fig.  5,  PL  XIV;  Figs.  I  and  4,  PL  XVII).  The  main  spans  may 
be  carried  past  the  banks  of  a  river,  thus  giving  an  unnecessary  importance  to  the  bridge.  We 
readily  fall  upon  these  difficulties  of  design  where  the  water-level  is  subject  to  great  changes. 
It  is  plain  then  that  any  omission  or  any  unnecessary  addition  would  tend  to  belie  the  form 
of  its  purpose. 

Let  it  be  generally  understood  that  in  no  case  should  the  artistic  ideas  governing  form 
contradict  any  static  consideration.  Both  have  their  origin  in  the  same  natural  laws,  and 
when  they  conflict  the  static  correctness  should  always  be  preferred  to  beauty. 

421.  The  Dimensions  of  the  various  parts  of  a  structure  should  bear  a  harmonious  rela- 
tion to  the  whole.     This  constitutes  harmony  of  proportions. 

For  a  given  length  of  a  bridge,  all  things  considered,  there  will  be  certain  lengths  for  the 
various  spans  which  will  give  the  best  general  effect.  Again,  the  subdivision  of  a  span  into 
panels  should  bear  a  certain  relation  to  both  its  height  and  length.  So  also  a  raiUng  should 
jonsist  of  panels  equal  to  a  definite  fraction  of  the  truss  panel. 

All  these  questions  are  usually  determined  from  the  statical  considerations  of  the  problem, 
but  frequent  opportunity  is  given  to  vary  such  proportions  in  favor  of  good  appearance  with- 
out interfering  materially  with  the  technical  or  practical  conditions.  We  are  often  compelled 
to  dimension  a  secondary  member  unnecessarily  large  just  for  the  sake  of  looks,  which  can 
easily  be  done  by  choosing  a  flat  or  angle  instead  of  a  rod. 

When  cast-iron  or  wood  is  used  for  a  column  we  commonly  find  abnormal  forms.  The 
rest  of  the  structure  being  wrought  will  require  much  less  material  and  the  result  will  be  a  lack 
of  harmony  in  dimensions. 

422.  Ornamentation  should  be  regarded  as  distinct  from  simple  or  rudimentary  form 
and  should  be  utilized  only  to  reinforce  the  same. 

It  is  not  the  object  of  ornamentation  to  change  the  general  character  of  a  structure  to 
•uch  an  extent  as  to  hide  the  underlying  principles.  Its  proper  application  is  to  aid  the  mind 
in  the  conception  of  the  purpose,  by  contrasting  different  members  of  a  structure  with  each 
other.  This  law  is  so  frequently  violated  that  we  are  often  at  a  loss  whether  or  not  to  believe 
what  we  see.  Covering  a  framework  with  boards  and  paint  to  imitate  a  stone  arch  ;  a  hori- 
zontal girder  blended  with  arch  construction  ;  a  foot-bridge  modelled  after  a  Roman  aqueduct; 
or  decorating  a  girder  to  represent  a  temple,  which  latter  hangs  in  the  air  instead  of  resting 
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on  the  ground — all  these  are  adulterations  and  belie  the  underlying  principles  by  exhibiting 
false  forms. 

When  we  ornament  the  ring  of  an  arch,  emphasize  the  line  of  a  roadway,  or  surmount  a 
pier  by  a  statue  or  other  decoration  to  mark  the  importance  of  such  parts,  we  add  to  thft 
clearness  and  hence  to  the  aesthetic  appearance. 

This  subject  will  be  taken  up  in  detail  in  the  articles  on  Ornamentation. 

INFLUENCE    OF   BUILDING    MATERIAL,    COLOR,    AND    SHADES  AND   SHADOWS  ON  THE 

ESTHETIC  APPEARANCE  OF  A  BRIDGE. 

423.  Material. — One  of  the  foremost  considerations  upon  which  the  popularity  of  a 
structure  depends  is  the  building  material.  Stone  occupies  the  highest  rank,  as  it  possesses 
properties  requisite  to  aesthetics  which  are  peculiar  to  no  other  material.  As  a  consequence 
of  its  low  unit  strength  and  the  necessary  manner  of  bonding,  we  obtain  massive  forms  com- 
pared to  wood  or  metal.  To  the  average  mind,  stone  lends  the  appearance  of  solidity  an4 
strength,  and  emphasizes  the  monumental  character  of  architecture.  The  general  public  is 
most  familiar  with  the  relation  existing  between  the  weight  and  strength  of  this  material,  so 
that  even  the  uneducated  eye  can  discern  whether  a  structure  seems  unusually  bold  or  heavy. 
Wood  is  not  sufficiently  durable  for  permanent  structures  and  is  not  considered  here. 

Iron  and  steel  are  in  strong  contrast  to  stone.  The  relation  of  strength  to  weight  in  iron 
gives  rise  to  such  light  forms  that  the  mind  is  often  impressed  with  wonder.  Metal  designs 
display  such  light  masses  compared  to  masonry  that  it  is  difficult  to  accustom  ourselves  to 
this  material.  Another  fact  which  speaks  in  favor  of  stone  is  that  it  occurs  nearly  every- 
where in  nature,  whereas  metallic  iron  is  a  manufactured  product.  These  differences  in  the 
choice  of  material  are  inherent  in  the  customs  and  surroundings  of  a  people. 

When  the  application  of  iron  and  steel  to  bridge-building  has  become  characteristic  of 
the  architecture  of  a  nation;  then  this  material  will  be  popular  from  an  aesthetic  standpoint. 

Let  it  not  be  supposed  from  the  preceding  that  the  choice  of  artistic  form  is  limited 
by  the  material.  It  is  possible  to  symbolize  the  same  natural  laws  in  almost  any  material. 
A  column,  whether  of  stone,  wood,  or  iron,  will  not  change  its  character.  When,  however, 
artistic  form  is  applied  %o  construction,  the  material  is  intimately  related  thereto.  For 
example,  the  capital  and  base  of  a  stone  column  should  receive  different  dimensions  and  shapes 
from  those  of  a  cast-iron  column. 

We  cannot  realize  absolute  stability,  or  an  ideal  balance  between  loads  and  forces,  for 
these  are  relative  properties  varying  with  the  kind  of  material.  In  viewing  a  structure  we 
involuntarily  infer  its  material  from  its  form  even  if  paint  has  been  utilized  to  disguise  natural 
color.  Artistically  considered,  it  is  improper  to  imitate  a  stone  ornament  in  tin  or  wood, 
as  the  strength  and  weight  of  the  latter,  as  also  the  manner  of  workmanship,  contradict 
such  forms.  Even  if  the  progress  of  the  arts  should  make  it  possible  to  produce  any  or  all 
forms  out  of  any  material,  we  would  regard  such  progress  wrongly  applied  when  the  attempt 
is  made  to  destroy  characteristics  rather  than  to  emphasize  them.  Such  disregard  of  the 
natural  properties  of  material  would  eventually  lead  to  coarse,  miniature  forms,  lacework  on 
in  abnormal  scale,  or  even  to  an  aesthetic  lie.  Technical  miracles  have  no  claim  to  beauty, 
u'nce  they  lack  harmony  of  form. 

The  general  effect  is  most  likely  to  be  pleasing  when  but  one  kind  of  material  is  used 
(see  Figs.  I,  2,  3,  and  5,  PL  XXI ;  Figs,  i,  2,  and  3,  PL  XXIV ;  and  Fig.  i,  PL  XXXI).  Great 
diversity  in  the  static  balance  or  in  the  technical  execution  of  members,  especially  when  these 
are  of  different  materials,  compel  the  spectator  to  change  the  scale  with  which  he  measures  the 
relative  magnitude  of  forces  (see  Figs.  2  and  9,  PL  XXII).  He  may  find  it  difficult  or  even 
impossible  to  obtain  a  general  harmonious  impression.     Such  examples  are  numerous;  as  when 
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masonry  arches  and  iron  superstructure  of  same  length  of  span  are  combined  in  one  bridge; 
or  a  brick  arch  between  metal  spans ;  or  ornaments  made  of  different  material  from  the  main 
structure.  On  the  other  hand,  it  is  often  possible  to  obtain  rather  a  fortunate  result  by 
varying  the  material,  as  in  a  light  metal  span  between  masonry  approaches  (see  PL  XXIII). 

Both  the  laws  of  harmony  and  of  contrast  are  entitled  to  their  places  in  art.  It  is  not, 
however,  admissible  to  hide  or  ignore  a  member  with  the  view  of  producing  uniformity  of 
affect.  For  example,  a  rod  used  to  take  up  the  horizontal  thrust  of  an  arch,  to  cover  the  lack 
of  stability  of  supporting  columns.  Instead  of  giving  this  member  its  architectural  significance* 
thin,  thread-like  rods  are  frequently  employed.  When  we  fail  to  comply  with  such  aesthetic 
wants,  we  allow  an  unfortunate  sense  of  wonder  to  fill  the  lack  of  technical  truthfulness.  We 
dispense  with  the  solution  of  one  of  the  most  important  problems  in  architecture. 

424.  Color. — It  is  a  well-known  fact  that  colors  produce  an  impression  on  the  mind 
which  may  be  pleasing  or  otherwise,  quite  similar  to  the  effect  of  a  musical  chord  or  discord 
upon  the  ear.  An  object  may  appear  in  perfect  harmony  with  its  surroundings,  but  when 
placed  elsewhere  would  lose  its  entire  beauty.  It  would  seem  then  that  the  question  of  color 
should  be  regarded  as  one  of  considerable  weight  in  the  artistic  design  of  an  engineering 
structure.  Hitherto  this  matter  has  been  left  to  the  developed  taste.  Since  our  vision  does 
not  afford  us  the  same  aid  in  choosing  color  that  we  obtain  from  statics  and  dynamics  in  the 
choice  of  form,  it  would  seem  proper  to  add  this  feature  to  practical  aesthetics. 

All  colors  may  be  divided  into  two  classes,  primitive  and  collective.  The  former  class 
comprises  the  rainbow  colors,  while  the  latter  are  primary  colors  diluted  with  white  or  gray. 
As  may  be  supposed,  this  difference  is  not  physically  marked,  but  is  of  purely  aesthetic  character. 
In  the  scale  we  ascend  from  the  primitive  colors,  blue,  yellow,  and  red,  to  their  primitive  com- 
binations, violet,  green,  and  orange,  and  finally  to  the  collective  color  white  with  its  gray 
variations.  Both  classes  have  admirers.  The  masses  are  more  inclined  to  favor  the  intense 
pigments,  while  the  educated  minority  show  a  preference  for  the  softer  shades.  This  is  not 
the  result  of  a  lack  of  appreciation  for  the  bright  colors,  but  of  the  development  of  taste. 

The  choice  of  color  should  be  in  accordance  with  the  material  to  be  covered.  We  avoid  the 
use  of  paint  when  it  is  not  necessary  to  the  preservation  of  the  material.  Stone  occurs  in  such 
variety  of  tints  and  requires  no  preservative,  so  that  we  can  usually  satisfy  our  wants  without 
resorting  to  artificial  means.  Iron  and  wooden  parts,  therefore,  would  involve  the  question 
of  paint  When  a  single  color  is  used,  let  this  be  a  soft  tint  in  harmony  with  the  stone  and 
other  surroundings.  Different  shades  may  be  employed  only  to  reinforce  the  static  principles 
of  a  structure.  It  would,  however,  be  decidedly  against  good  taste  to  imitate  material  by  the 
use  of  paint  An  iron  structure  disguised  to  represent  wood  cannot  produce  a  pleasing 
effect,  since  the  form  would  appear  too  light.  The  same  with  the  reverse,  when  the  form 
would  seem  abnormally  heavy. 

In  suiting  the  color  to  the  surrounding  landscape  the  question  of  relative  magnitude  or 
importance  is  greatly  involved.  If  the  bridge  is  small,  it  may  be  well  to  effect  a  contrast  or 
relief  by  the  choice  of  complementary  colors.  As  in  a  wooded  locality,  red  or  white  would 
be  well  chosen.  If,  on  the  other  hand,  the  structure  is  so  large  that  the  landscape  appears 
comparatively  insignificant,  a  wide  range  is  offered  without  incurring  the  loss  of  contrast. 

Coloration  should  emphasize  the  static  differences  of  the  main  parts.  In  some  instances  it 
may  be  desirable  to  employ  various  colors  to  aid  in  the  decoration  of  a  structure.  Then  the 
paint  becomes  part  of  the  ornamentation.  Heavy  masses  or  the  principal  members  should  ir 
this  case  receive  a  heavy  color,  while  members  carr}dng  little  or  no  load  should  be  made  to 
appear  slender.  Also  a  lack  of  relative  proportion  may  be  partly  overcome  by  this  means. 
We  designate  a  color  as  being  heavy  when  it  seemingly  increases  the  size  of  an  object 
Livelier  shades  may  be  employed  for  members  which  characterize  the  features  01  Outlines  o^^ 
a  bridge.     More  subdued  tints  would  be  applicable  to  the  less  conspicuous  8urfucc»s.     Mem* 
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bers  used  in  the  same  capacity  should,  however,  be  treated  alike.  There  is  only  one  admissible 
exception  to  this  rule,  as  when  we  vary  two  colors  in  regular  succession.  The  stones  of  an 
arch  ring  may  alternate  red  and  gray  without  destroying  the  clearness  of  purpose.  The 
beauty  of  a  structure  is  increased  by  ornamentation,  but  let  it  be  remembered  that  this  beauty 
may  be  easily  destroyed  by  extremes  and  by  overloading. 

The  general  color  effect  should  agree  with  the  character  of  a  structure.  Bridges,  as  a  rule, 
demanr'  a  more  sedate  appearance,  for  which  reason  it  is  an  easy  matter  to  exceed  the  bounds 
of  good  taste.  Grace  and  neatness  may  be  displayed  by  resorting  to  different  shades  for 
railings,  smaller  ornaments,  or  even  for  slender  rods,  as  the  suspenders  or  hangers  of  a  suspen- 
sion bridge.  But,  after  all,  we  are  compelled  to  restrict  the  diversity  of  color  to  contrasting 
only  the  main  parts,  as  superstructure  to  masonry,  etc.  The  tendency  should  be  always  to 
complete  the  general  effect  by  supplying  the  missing  features,  thus  bringing  about  harmony 
between  color  and  the  character  of  a  structure. 

We  attribute  certain  properties  to  colors,  as  warm,  cold,  light,  heavy,  bright  or  lively,  and 
subdued,  all  of  which  are  derived  from  impressions  made  upon  the  mind.  These  terms  are 
explanatory  in  themselves,  but  it  is  well  to  remember  that  red  and  yellow  always  produce 
warmth,  while  blue,  purple,  and  neutral  tint  do  the  opposite.  A  heavy  color  seemingly 
increases  the  size  of  an  object  by  contrast,  a  light  one  tends  to  diminish  apparent  volume  by 
destroying  contrast.  Bright  and  lively  are  applied  to  the  primitives,  and  collective  colors  are 
usually  subdued  shades  of  the  former.  We  utilize  these  properties  in  bringing  about  aesthetic 
unison  between  a  structure  and  its  surroundings,  since  these  should  possess  the  same  character. 

425.  Shades  and  Shadows. — What  has  been  said  of  color  also  applies  to  shades  and 
shadows  to  a  very  great  extent.  All  shapes  and  forms  would  be  destitute  of  any  modulation 
and  would  appear  as  planes  were  it  not  due  to  the  shading  produced  by  one  part  projecting 
over  another.  Upon  this  fact  depend  all  principles  of  ornamentation.  In  designing  copings, 
etc.,  we  must  consider  the  shadows,  as  the  whole  form  is  characterized  by  them.  Smooth-face 
stones  when  laid  would  appear  as  one  mass  were  the  joints  not  of  another  color,  whereas  in 
rough-face  stone  the  joints  are  indicated  by  shadows.  Great  art  may  be  displayed  in  this 
feature  of  a  design,  but  the  good  result  is  too  often  left  to  chance. 

ORNAMENTATION. 

426.  In  Bridge  Building  little  opportunity  is  afforded  to  give  members  their  ideal  archi- 
tectural significance,  because  their  forms  are  determined  by  the  technical  requirements  ol 
strength,  durability,  and  cost.  We  may  well  be  satisfied  when  the  general  outline  of  a  bridge 
exhibits  a  graceful  and  pleasing  appearance,  as  in  Pis.  XXI  and  XXII.  Only  in  particular 
cases,  as  for  arch  rings,  portals,  piers,  cornices,  and  railings,  we  are  enabled  to  develop  artistic 
forms.  (See  Pis.  XIV  to  XVII.)  Therefore,  to  complete  the  aesthetic  value  of  a  structure,  it  is 
proper  to  elaborate  these  decorative  elements  by  supplying  ornaments.  In  so  doing  we  must 
consider  the  quantity,  distribution,  scale,  choice,  and  style  both  of  the  ornaments  and  of  the 
structure  itself. 

427.  Quantity  of  Decoration. — It  is  contrary  to  the  principle  of  aesthetic  economy  to 
overload  a  structure  or  any  part  thereof  with  ornaments,  even  if  these  details  are  pleasing  and 
properly  chosen.  The  result  would  be  to  suppress  or  disguise  the  purpose  of  the  main 
members  and  to  exhibit  an  unbecoming  wastefulness.  The  plain  or  elaborate  character  of  an 
entire  structure  must  not  be  contradicted  by  any  of  its  parts.  In  this  branch  of  engineering 
there  is  little  danger  of  extravagance,  but  rather  a  lamentable  insufficiency.  The  relation 
between  a  structure  and  its  decorations  should  impress  the  observer  with  aesthetic  satisfaction. 

428.  The  Distribution  of  Ornaments  may  be  utilized  to  emphasize  certain  parts  without 
opposing  the  artistic  perfectness  of  a  bridge.  The  more  important  river  spans  would  deserve 
being  ornamented  rather  than  their  approaches ;  likewise  an  arch  rather  than  its  wing-  and 
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retaining-walls.    (See  Pis.  XIV  to  XVII.)    Buttresses  may  be  more  elaborate  than  the  wall 

to  which  they  belong. 

As  a  rule,  members  carrying  heavy  loads  should  receive  less  decoration  than  those  taking 
little  stress.  Hence  the  base  of  a  pier  would  be  plain  compared  to  its  coping  or  capital  (Figs. 
3, 4, 6,  and  9,  PL  XVI) ;  so  also  main  trusses  relatively  to  the  railings  and  cornices  (Figs.  6  and 
7,  PL  XIV  and  PL  XXIII).  The  parts  situated  closer  to  the  observer  are  more  valuable 
aesthetically  than  distant  ones,  for  which  reason  the  end  portals,  railings,  etc.,  should  be 
ornamented.    (Examples  in  Pis.  XIV  to  XVII.) 

On  the  other  hand,  such  contrasts  must  not  be  too  strong.  A  statue  would  seem  out  of 
place  on  a  rough  block,  or  fine  ornamental  details  on  an  otherwise  plain  plate  girder.  The 
attempt  to  attain  a  proper  equilibrium  between  the  architecture  of  a  portal  and  the  adjoining 
bare  superstructure  has  often  been  unsuccessful.  The  tendency  is  to  give  a  preference  to  the 
former,. especially  when  cheap  cast  forms  are  at  hand,  while  the  comparative  treatment  of  the 
latter  remains  neglected.  Many  designers  have  given  way  to  the  temptation  of  elaborating 
in  cast-iron,  while  leaving  wrought  metal  in  its  plain  and  unfinished  condition.  It  shows  poor 
taste  in  design  when  we  find  neat  columns  or  piers  supporting  homely  roof  trusses,  plate 
girders,  etc. 

429.  Scale  of  Ornamentation. — ^The  dimensions  of  a  bridge  determine  the  relative  sizes 
of  its  ornaments.  Small  decorations,  even  in  large  quantities,  are  not  suitable  to. huge 
structures,  and  vice  versa.  It  is  difficult  to  attain  a  happy  medium  in  this  important  feature, 
because  a  bridge  is  subject  to  examination  from  two  main  points  of  observation :  the  one 
away  from  the  structure,  from  which  the  general  appearance  would  be  judged  ;  the  other  on 
the  roadway,  from  which  portals,  trusses,  railings,  etc.,  would  be  viewed.  We  depend  upon 
artistic  tact  for  the  preservation  of  clearness. 

When  comparison  is  possible  between  two  objects  of  similar  form,  though  differing 
widely  in  dimensions,  the  seeming  adaptation  to  purpose  will  be  disturbed.  Small  forms 
should  never  be  a  mere  reduction  of  large  ones  when  both  are  applied  to  the  same  structure. 
Even  when  the  same  purpose  is  accomplished  by  each,  it  is  well  to  modify  the  former,  usually 
by  omitting  some  of  the  details  of  the  latter.  We  see  such  examples  where  the  capital  or 
head  of  a  pier  is  repeated  in  the  small  columns  of  the  railing,  or  when  spans  of  same  design, 
differing  greatly  in  length,  succeed  each  other  in  a  bridge  (Figs.  7  and  10,  PL  XXII).  In  a 
Tew  instances  the  repetition  of  a  form  in  various  sizes  is  admissible  when  the  material  is 
changed  ;  as  a  long  metal  arch  with  adjoining  masonry  arches.     (See  PL  XXIII.) 

We  must  not  forget  that  all  structures,  even  the  most  gigantic,  are  erected  by  and  for 
man ;  hence  statuary,  columns,  and  all  other  ornaments  shaped  to  represent  objects  belonging 
to  the  animal  or  vegetable  kingdom  should  approach  the  natural  dimensions.  The  impression 
made  by  exaggerated  artistic  forms  is  not  one  of  intellectual'  greatness,  but  simply  a  material 
hugeness,  wherein  grace  and  delicate  details  have  been  lost. 

430.  Choice  of  Artistic  Form. — The  perfect  artistic  form  of  an  object  should  recall  the 
structural  purpose  of  its  parts  without  necessitating  close  observation  or  anal}rsis.  The 
strength  of  a  member,  its  direction,  application,  and  manner  of  resisting  forces,  should  be 
readily  comprehensible.  It  is  easiest  to  illustrate  this  idea  by  citing  some  of  the  many  gross 
violations  where  attempts  are  made  to  decorate  but  without  success.  On  some  of  the  old 
covered  bridges  the  wooden  suspenders  have  been  disguised  to  represent  compression  columns, 
by  supplying  bases  and  capitals.  On  the  Callowhill  Street  Bridge  in  Philadelphia,  the 
main  trusses  take  the  shape  of  an  arched  passage,  the  vertical  struts  acting  as  piers,  with  the 
top  chord  representing  a  series  of  arches.  Adding  a  frame-like  decoration  to  wall  spaces 
between  buttresses  is  out  of  place,  because  the  forces  to  be  resisted  have  no  bearing  on  such 
forms.  The  plain  surface  of  a  beam  or  girder  is  not  appropriate  for  a  frieze-like  ornament 
extending  from  end  to  end.    The  centre  of  the  beam  should  be  marked  by  some  special  feat 
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ure,  from  which  the  decoration  may  extend  towards  the  ends.  It  is  also  advisable  to  choose 
ornamental  details  involving  no  particular  direction,  as  isolated  figures  or  panels  (Fig.  6,  PI 
XIV,  also  Pis.  XVIII  and  XIX). 

431.  Style. — The  chief  end  of  art  is  not  attained  by  copying  exactly  the  forms  of  nature 
or  those  of  textile  fabrics,  but  by  reproducing  the  analogy  between  the  static  functions  of 
natural  products  to  satisfy  artificial  wants.  Exact  imitations  are  limited  in  architecture  by 
difficulties  relating  to  their  execution  in  stone,  wood,  or  metal.  The  objects  to  be  accom 
plished  by  style  are ;  to  prepare  the  natural  forms  for  artistic  purposes  ;  to  maintain  the  struct- 
ural elements,  but  supply  the  necessary  coarseness  to  correspond  with  the  building  material ; 
and,  lastly,  to  neglect  extremely  fine  details  by  changing  the  scale  which  might  slightly 
exceed  the  natural.  In  other  words,  we  create  style  by  a  liberal  translation  of  nature's 
forms. 

The  extent  to  which  style  may  be  applied  depends  upon  the  magnitude  and  location  of 
the  member,  as  on  the  material  and  character  of  the  whole  structure.  Every  age  adopts  a 
style  according  to  its  peculiar  conception  of  nature,  which  explains  the  great  divergence  in 
architectural  forms  while  the  constructive  principles  have  remained  the  same. 

All  that  has  been  said  on  the  subject  of  ornamentation  is  really  defining  ''artistic 
beauty ;"  and  after  all  there  is  nothing  that  will  be  of  more  service  to  the  designer  than  a 
well-developed  taste  for  that  which  is  beautiful.  Artistic  taste  may  be  acquired  by  close 
observation  and  study ;  but  even  then  not  everybody  is  susceptible  to  a  broad  understanding 
of  "  aesthetics."  We  are  easily  influenced  by  new  impressions,  and  especially  by  the  arts  from 
other  countries. 

Within  the  limits  of  our  environment  our  ideas  of  beauty  naturally  assume  a  domestic 
character.  Every  other  country  has  its  own  style,  and  when  we  become  familiar  with  each 
we  begin  to  realize  that  our  domestic  ideas  are  only  primitive.  Each  style  has  claims  to 
beauty  peculiar  to  itself,  and  we  must  learn  to  value  them,  since  they  are  as  justifiable  as  the 
claims  of  our  own  style. 

iESTHETIC  DESIGN. 

432.  Division  of  Subject. — What  has  been  said  in  the  previous  articles  is  more  of  a  gen- 
eral  character.  With  the  aim  of  increasing  the  value  of  the  present  chapter  we  will  consider 
briefly  the  design  of  the  principal  elements  of  a  bridge  with  respect  to  general  aesthetic  form 
and  ornamentation.  In  doing  so  the  most  natural  subdivision  of  the  subject  would  be  into 
Substructure^  Superstructure^  and  Roadway. 

433.  Substructure  :  Piers  and  Abutments. — We  divide  up  a  site  into  a  number  of 
spans,  the  points  of  division  being  marked  by  piers,  and  the  extreme  points  by  shore  piers  or 
abutments.  The  piers  serve  the  purpose  of  supporting  the  superstructure,  of  resisting  the 
horizontal  thrust  resulting  from  wind  and  moving  loads,  and  (when  located  in  water)  of  with- 
standing wave  and  current  action.  From  static  considerations  these  forces  will  be  resisted  by 
a  pier  of  certain  form  ;  but  when  the  question  of  beauty  is  involved,  we  are  usually  compelled 
to  modify  this  form  beyond  the  requirements  of  absolute  necessity. 

The  relation  between  height  and  thickness  should  be  in  aesthetic  harmony  with  the  length 
of  span  and  apparent  load  to  be  carried.  For  long  spans  and  small  clearance  the  supports 
should  convey  the  idea  of  massiveness  (Fig.  5,  PL  XXI).  In  the  other  extreme  of  short  spans 
and  high  piers  a  slender  design,  as  an  iron  bent  or  tower,  would  seem  proper  (Fig.  4,  PL  XXI). 
A  very  high  viaduct  may  even  be  constructed  with  single  bents  resting  on  pins,  top  and  bot- 
tom, the  horizontal  thrust  being  taken  up  by  fixed  towers  placed  at  regular  intervals.  Such 
a  disposition  would  add  grace  and  variety  to  the  structure. 

434.  The  Scale  for  Details  must  be  deduced  from  the  general  dimensions.  A  pier  is 
composed  of  three  parts — base,  body,  and  capital  or  coping.     i£sthetic  stability  is  added  by 
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uridening  out  the  base.  In  rivers  where  the  stage  of  water  is  variable  it  is  advisable  to  start 
the  base  a  little  above  high  water  and  spread  with  the  increasing  depth,  thus  retaining  a 
visible  base  for  all  conditions  (Fig.  5,  PL  XXI).  The  base,  being  most  subject  to  the  action  of 
the  external  forces,  should  not  be  decorated.  The  only  admissible  addition  might  consist  of 
a  coping  to  separate  the  base  from  the  body.  This  is  desirable,  for  it  idealizes  the  architect- 
ural significance  of  the  supporting  power  of  a  foundation  (Fig.  3a,  PI.  XIV). 

435.  The  Body  of  a  Pier  is  subject  to  many  variations.  The  general  style  should  agree 
ji^ith  that  of  its  base  and  coping.  A  batter  is  very  desirable,  as  it  emphasizes  the  stability 
against  horizontal  forces.  Offsets  in  the  vertical  lines,  to  replace  batter,  are  to  be  avoided, 
since  expense  is  the  only  motive  to  prompt  such  design.  Ornamentation  should  tend  in  a 
vertical  direction,  but  it  is  well  to  maintain  clearness  of  form  and  purpose  by  choosing  artistic 
shapes,  using  decorations  only  to  a  very  limited  extent  (Figs.  3,  4,  and  5,  PI.  XIV  and  PI. 
XVII).  When  the  body  is  carried  above  the  supports,  as  for  an  arch  or  deck  bridge,  this  point 
should  be  characterized  by  some  form  of  cornice  or  coping.  The  portion  above  the  supports 
is  of  minor  importance;  it  should  therefore  receive  smaller  dimensions  and  may  be  more 
elaborately  decorated  (Figs,  i  and  2,  PI.  XV ;  Figs.  3,  4,  and  6,  PI.  XVI ;  Fig.  5,  PL  XXI). 

436.  The  Coping. — In  treating  the  coping,  which  really  takes  the  place  of  the  capital  of 
a  column,  a  wide  range  both  of  form  and  purpose  is  offered.  The  common  and  most  fre* 
quent  style  of  coping  consists  of  a  heavy  course  of  cut  stone  projecting  over  the  body  of  the 
pier.  Besides  distributing  the  load  over  the  area,  it  emphasizes  the  point  where  the  weight  is 
applied  and  adds  a  finish  or  covering. 

The  coping  is  subject  to  more  ornamentation  than  any  other  portion  of  a  pier^  and  may, 
according  to  circumstances,  develop  into  the  form  of  a  complete  capitaL  In  some  cases  the 
body  is  carried  to  the  roadway,  where  it  forms  a  prominent  point  of  the  railing.  The  cornice 
and  balustrade  may  then  unite  in  offsetting  the  coping  (Figs,  i  and  6,  PL  XIV ;  Figs.  I  and  2, 
PL  XV;  Figs.  3,  4,  and  6,  PL  XVI ;  and  Fig.  i,  PL  XVII). 

For  an  even  number  of  spans  a  pier  will  fall  in  the  bridge  centre.  This  pier  should  be 
more  conspicuous  than  the  others,  both  as  regards  size  and  ornamentation.  The  object  is  to 
mark  the  centre  of  the  structure,  an  important  factor  to  symmetry  and  artistic  effect  (Fig.  $, 
PL  XXI,  right-hand  pier  is  centre  of  bridge). 

437.  The  Abutment  performs  the  function  of  a  pier,  but  usually  embodies  other  features 
which  necessitate  a  more  massive  form.  Generally  an  abutment  constitutes  the  connecting 
link  between  main  structure  and  approach  or  embankment,  in  which  case  the  massiveness  is 
required  to  serve  the  purpose  of  a  retaining  walL  Batter  of  the  front  face  adds  greatly  to 
visible  stability.  For  any  wall  resisting  geostatic  pressure  the  theoretical  line  of  the  face  is  a 
curve,  which  answers  the  aesthetic  requirements  best,  as  it  conforms  to  the  popular  con- 
ception of  the  way  in  which  walls  usually  fail,  viz.,  by  bulging  out  or  overturning.  The 
simpler  form  approaching  this  is  obtained  by  a  straight  batter,  while  the  one  with  a  vertical 
front  displays  the  least  stability,  and  hence  is  wanting  in  artistic  effect. 

Abutments  may  also  be  used  as  office  buildings,  and  then  admit  of  very  elaborate 
designs.  In  case  of  a  suspension  bridge  the  foot  of  a  tower  is  usually  made  to  serve  this  pur- 
pose. When  an  abutment  covers  all  these  requirements  it  may  be  developed  into  the  form 
of  an  end  portal  or  archway.  The  design  of  this  portion  of  a  bridge  is  most  susceptible  to 
architectural  beauty  (Figs.  4  and  7,  PL  XV,  and  Figs,  i,  2,  5,  and  9,  PL  XVI). 

It  is  to  be  remembered  that  the  artistic  details  of  piers  and  abutments  should  be  devel- 
oped upward  and  never  down  ;  that  the  coping  takes  precedence  over  the  body,  and  this  over 
the  base,  in  the  order  of  aesthetic  value.  It  is  barely  possible  to  formulate  any  rules  for  the 
details  regarding  the  horizontal  subdivision  of  a  pier  or  other  body  of  masonry  into  courses, 
etc.    These  subdivisions  depend  upon  the  position  of  the  observer  and  the  height,  thicknessi 
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surroundings,  loading,  material,  shades  and  shadows,  etc,  of  the  object.  (For  examples  see 
Plates  XIV  to  XVII.) 

438-  Superstructure, — The  question  of  artistic  design  is  more  neglected  in  the  general 
forms  of  trusses  than  in  any  other  portion  of  a  bridge.  The  reasons  previously  mentioned 
for  neglecting  aesthetics  in  bridge  building  bear  more  strongly  on  iron  and  steel  work  than  on 
masonry.  Competition  is  far  greater  among  manufacturers  of  the  former  class,  and  especially 
when  plans  are  prepared  by  them.  The  question  of  extreme  economy  of  both  labor  and 
material  forms  the  basis  for  such  designs.  Therefore,  when  stress  is  laid  on  artistic  effect, 
plans  should  be  prepared  by  the  engineer,  or  else  let  it  be  understood  in  advance  that  design 
as  well  as  cheapness  will  be  considered.  This  will  tend  toward  elevating  the  standard  of 
designing  without  neglecting  economy. 

With  the  possible  exception  of  city  bridges,  ornaments  may  be  entirely  omitted  without 
materially  injuring  the  aesthetic  value  of  a  structure.  The  essential  considerations  are  form, 
symmetry,  and  adaptation  to  surroundings  and  purpose.  When  these  are  complied  with,  so 
that  a  structure  as  a  whole  will  convey  a  pleasing  and  harmonious  effect,  then  we  have  accom- 
plished the  end  of  an  artistic  design. 

To  insure  a  successful  result  aesthetically  considered,  certain  relations  between  the  various 
parts  of  a  bridge  must  be  maintained.  These  have  received  mention  in  the  foregoing,  viz., 
the  proportion  of  height  of  substructure  to  superstructure;  of  height  to  thickness  of  piers; 
of  base  and  coping  to  body  of  pier;  even  the  thickness  of  masonry  courses  (with  due  regard 
for  material)  to  the  general  scale.  A  gradual  curve  over  the  length  of  a  bridge,  with  the  high- 
est point  in  the  centre,  adds  grace  and  prevents  the  optical  illusion  of  a  long  horizontal  line 
appearing  sagged.  Technical  conditions  frequently  necessitate  such  grades,  which  are  either 
regular  curves  or  broken  lines  with  intersections  in  pier  centres.  Much  may  be  done  to  im- 
prove appearance  by  grouping  spans  according  to  importance  and  location,  but  in  such  cases 
the  change  should  be  abrupt  rather  than  gradual;  as,  for  instance,  a  heavy  pier  may  be 
inserted,  allowing  the  portion  to  one  side  to  act  as  main  structure,  the  other  as  approach 
(Fig.  5,  PL  XXI).  It  would  also  seem  inappropriate  to  repeat  the  form  of  a  large  span  in  a 
small  one,  thus  producing  the  effect  of  a  miniature  or  model  from  which  the  larger  was 
designed.     The  small  span  should  have  a  character  of  its  own,  to  imply  its  difference  of  pur-  ' 

pose.  ' 

Should  the  number  of  spans  in  a  bridge  be  even,  then  the  centre  pier  should  have  some 
extraordinary  feature  to  mark  its  importance.  When  the  number  is  odd,  the  centre  span 
should  be  longest,  and  if  possible  contain  the  highest  point  of  the  grade  line  (Figs.  3  and  5, 
PI.  XXI). 

In  the  case  of  a  long  viaduct  the  appearance  may  be  greatly  improved  by  a  systematic 
grouping  of  piers  or  spans ;  as  by  inserting  a  masonry  pier  between  a  number  of  metallic 
towers  or  bents  at  regular  intervals,  or  by  making  spans  alternate  in  length.     This  will  relieve  j 

monotony  which  would  otherwise  be  a  serious  objection.  '    ' 

The  most  pleasing  effect  is  produced  by  an  arch,  whether  of  stone  or  metal,  but  is  often 
avoided  on  account  of  expense  (Pis.  XXVI  and  XXXI).  The  next  form  is  probably  the  in- 
verted arch,  or  suspension  bridge  (Fig.  i,  PI.  XXII),  then  follow  trusses  with  curved  chords 
(Fig.  I,  PI.  XXVIII,  and  Fig.  2,  PI  XXX).  Still  less  pleasing  in  appearance  are  parallel 
chords  (Figs.  2  and  3,  PI.  XXVII);  and  last  in  order  of  beauty,  irregularly  broken  lines,  as  in  ** 

a  cantilever  (Fig.  6,  PI.  XXII).  The  relative  amount  of  material  for  an  arch  or  suspension 
bridge  is  much  less  than  for  a  truss,  yet  the  cost  of  the  former  is  usually  higher,  for  reasons 
depending  on  manufacture  and  building. 

If  we  wish  to  regard  clearness  of  purpose  as  the  prime  factor  in  determining  what  is 
beautiful,  then  it  is  plain  that  the  suspension  system  should  be  most  popular,  its  principles 
being  plain  to  nearly  every  one.     The  arch  would  rank  next,  and  trusses  last.     It  might  be 
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added  that  a  beam  or  plate  girder  is  simplest  of  conception,  which  is  true  within  the  limits  to 
which  they  are  applicable.  The  truss,  however,  in  virtue  of  its  internal  complications  loses 
its  resemblance  to  a  beam,  and  is  therefore  less  popular. 

It  is  also  easy  to  understand  why  a  deck  bridge  should  be  more  aesthetic  than  a  through 
bridge.  When  the  supports  are  at  the  top  chord  (where  they  should  be  for  a  truss)  the  struc- 
ture !s  in  stable  equilibrium,  and  the  sway  system  can  be  properly  developed,  which  favors 
architectural  perfection.  It  is  to  be  regretted  that  deck  bridges  are  so  limited  in  their  adap- 
tion. 

Ornamentation  if  desirable  should  be  applied  in  accordance  with  the  rules  given  in  the 
articles  on  that  subject 

439.  Roadway. — The  purpose  of  all  bridges  is  to  carry  loads.  For  railroad  and  highway 
accommodations  this  is  accomplished  over  a  roadway,  for  aqueducts  through  tubes,  etc. 
Hence  the  symbol  of  utility  is  exhibited  by  the  line  carrying  these  loads. 

In  accordance  with  the  foregoing  principles,  it  would  seem  proper  to  develop  this  line  to 
its  full  aesthetic  value.  We  accomplish  this  end  by  adding  weight  in  the  form  of  cornices, 
ornaments,  railings,  etc.,  to  the  line  of  the  roadway.  The  simplest  addition  of  this  kind,  for  a 
metal  bridge,  consists  of  the  floor  system  itself,  and  of  a  plain  coping-stone  for  a  masonry 
structure.  Both  represent  in  themselves  continuous,  heavy  lines,  but  these  may  be  farther 
developed  into  artistfc  forms.  As  long  as  we  avoid  extremes,  either  by  supplying  too  much, 
or  by  destroying  the  harmony  with  the  style  of  other  parts  of  the  structure,  a  dedded  im- 
provement will  be  realized  by  developing  this  member. 

The  parts  carrying  the  roadway  receive  artistic  form  by  the  addition  of  a  cornice,  the 
character  of  which  depends  upon  the  material  and  style  of  the  structure.  Masonry  is  best 
adapted  to  such  ornamentation,  since  arches  are  always  deck  bridges  and  the  natural  finish  is 
produced  by  the  cornice  and  balustrade* 

It  would  seem  proper  to  omit  cornices  from  through  bridges,  since  there  is  always  a 
strong  tendency  to  cover  the  bottom  chord  to  such  an  extent  as  to  destroy  its  aesthetic 
significance.  This  severe  criticism  may  be  justly  applied  ot  the  Callowhill  Street  Bridge  in 
Philadelphia,  where  both  chords  are  completely  disguised. 

Plate  XVIII  shows  a  number  of  cornices  and  string  courses  to  be  used  in  buildings  and 
which  serve  as  suggestions  for  cornices  for  both  stone  and  metal  bridges ;  some  alterations, 
however,  would  be  necessary  to  suit  them  to  the  latter  material.  They  all  require  heavy 
structures  and  would  be  out  of  place  on  slender  designs.  Plates  XIII  to  XVII  give  good 
examples  for  the  various  styles  of  bridges. 

440.  Railings. — For  trusses,  the  only  available  decoration  of  the  roadway  would  seem  to 
be  the  railing.  The  top  chord  of  a  deck  span  may  be  surmounted  by  a  cornice,  but  great  care 
must  be  exercised  not  to  disturb  the  proper  balance.  A  railing  serves  as  a  protection  and 
reminds  the  observer  of  the  intended  purpose  of  a  structure.  Hence  the  lack  of  supplying 
this  member  to  a  public  passage-way  would  invariably  recall  an  insufficiency  of  design. 

In  classifying  the  forms  of  railings  or  balustrades  the  technical  considerations  would  de- 
pend principally  upon  the  materials,  stone,  wood,  or  metal,  while  the  aesthetic  properties  are 
determined  by  the  static  requirements  to  which  the  material  is  made  to  conform.  A  plain 
parapet  wall  is  the  simplest  balustrade  and  is  frequently  applied  to  stone  bridges.  The  first 
motive  to  decoration  is  the  addition  of  a  cover  or  coping,  which  serves  to  protect  the  wall 
against  water.  The  complete  fona,  however,  would  necessitate  a  base.  The  artistic  idea  of 
a  railing,  therefore,  embodies  thrie  parts:  coping,  wall  or  web,  and  base.  These,  though 
derived  originally  from  stone  architicture,  retain  their  aesthetic  value  when  applied  to  wood  or 
metal  designs. 

The  relation  between  the  heights  '>f  these  parts  to  the  whole  is  important.  There  is  a 
tendency  to  elaborate  the  base  and  coping  beyond  their  proper  proportion.     This  should  1m 
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carefully  avoided,  as  it  makes  a  bridge  appear  too  light  for  its  purpose.  Naturally,  the  web  o! 
a  railing  is  most  subject  to  ornamentation,  and  is  usually  divided  into  panels,  which  may  be 
solid  or  otherwise  to  harmonize  with  the  entire  structure. 

Plate  XX  gives  a  number  of  designs  for  railings  which  may  be  used  in  the  following 
manner :  Figs.  I  and  6  are  intended  for  execution  in  brick ;  Figs.  2  to  5  in  stone  or  terra 
cotta ;  Figs.  7  to  10  in  cast-iron.  Fig.  1 1  may  be  either  cast-  or  wrought-iron  and  is  the 
corresponding  metal  form  to  the  stone  railing  shown  in  Plate  XIV,  Fig.  i.  Figs.  12  to  32  are 
intended  for  wrought-iron,  some  of  which  have  cast  trimmings  and  posts.  Figs.  29  and  31 
represent  cast  frames  with  wrought  fillings.  Other  handsome  designs  may  be  found  in  plates 
XIV  to  XVII. 

Before  closing  the  subject  of  "  iEsthetic  Design  **  there  is  one  other  feature,  not  bearing 
on  design  but  on  execution,  which  ought  to  receive  mention  here.  Nothing  detracts  more  from 
the  general  appearance  of  a  structure. than  an  untidy,  slovenly  surrounding.  Not  infrequently 
quantities  of  refuse  building  material  are  left  on  the  site  of  an  otherwise  handsome  bridge.  A 
little  attention  in  this  direction  would  add  considerable  credit  to  the  parties  concerned. 


COMMENTS  ON  THE  PLATES. 

441.  Plate  XIV. — Fig.  l  may  be  considered  artistic  when  we  allow  for  the  character  of  its 

surroundings,  among  massive  buildings  in  the  city  of  Hamburg.  The  arch  is  plain  and 
heavy,  with  just  enough  detail  to  separate  the  ring  from  the  other  masonry.  The  railing  and 
cornice  are  in  good  proportion,  and  are  well  combined  with  the  coping  of  the  pier.  The 
aesthetic  appearance  might  be  somewhat  improved  by  diminishing  the  cross-section  of  the 
portion  of  the  pier  above  the  springing  of  the  arches  in  some  such  manner  as  in  Fig.  I,  PI.  XV. 

Fig.  2  is  at  fault,  owing  to  the  omission  of  a  coping  at  the  springing  of  the  arches,  as  a 
consequence  of  which  the  latter  have  no  visible  support.  There  is  no  necessity  for  extending 
the  full  section  of  pier  to  the  height  indicated. 

Fig.  3.  The  base  of  the  tall  pier  might  be  modified  as  shown  in  ^,  otherwise  the  design 
is  good. 

Fig.  4.  The  tower  above  the  roadway  seems  abnormally  heavy  in  proportion  to  the  pier. 
This  is  caused  by  the  change  of  batter,  which  might  have  been  avoided. 

Fig.  5  is  a  very  neat  design,  though  a  slight  batter  of  piers  and  abutments  would  add  to 
its  beauty. 

Fig.  6  is  open  to  the  same  criticism  as  Fig.  2.  The  coping  at  the  springing  line  should 
.  have  been  carried  around  the  pier. 

Figs.  7  and  8  are  very  skilfully  treated. 

442.  Plate  XV. — All  the  figures  of  this  plate,  though  differing  widely  in  character  and 
purpose,  are  good  examples  of  artistic  design.  The  pier  in  Fig.  3  combines  usefulness  with 
a  pleasing  appearance,  and  was  actually  intended  for  a  means  of  defence.  Such  forms  are 
out  of  date,  yet  retain  their  beauty  even  to  the  present  day.  The  towers  in  Fig.  7  are  some- 
what lacking  in  aesthetic  stability.  The  defect  might  easily  be  remedied  by  slightly  inclining 
them  toward  each  other. 

443.  Plate  XVI. — Fig.  i  is  of  a  character  similar  to  Fig.  3,  PI.  XV,  and  would  hardly  be 
applicable  to  this  country.  The  buttress  adjoining  the  arch  in  Fig.  7  might  properly  be  im- 
proved by  a  slight  batter  to  the  left,  with  a  corresponding  widening  of  its  base.  The  other 
examples  on  this  plate  are  hardly  subject  to  any  criticism. 

444.  Plate  XVII. — Fig.  i  exhibits  a  very  tasteful  design  for  a  city  bridge.  The  shore 
span  seems  rather  short  as  the  abutment  is  placed  in  the  water,  but  the  conditions  justified 
this  disposition  owing  to  the  previously  existing  quai-walls.     The  centre  of  the  arch  is  properly 
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offset  by  the  keystone,  and  is  further  emphasized  by  a  similar  ornament  in  the  railing.  The 
recesses  in  the  roadway  at  the  piers  and  abutments  are  very  appropriate  and  add  considerable 
to  the  decoration.  The  cornice  and  railing  over  the  pier,  though  different  from  that  of  the 
continuous  roadway,  agree  well  with  the  general  style  of  the  structure.  The  arch  ring  is  well 
developed  and  stands  out  in  relief  from  the  plain  surfaces  of  the  external  segments. 

Fig.  2.  Here  the  line  of  the  supports  is  carried  through  in  the  form  of  a  secondary 
cornice,  actually  dividing  the  bridge  into  two  stories,  which  idea  is  artistically  embodied  in 
the  centre  pier.  The  entire  design  is  plain  and  complies  well  with  the  requirements  of  a  rail- 
road bridge. 

Fig.  3  IS  a  more  elaborate  structure  for  a  railroad,  and  is  well  suited  to  its  location. 

Fig.  4  illustrates  the  utility  of  brick  in  erecting  an  inexpensive  bridge.  All  the  decora- 
tions are  of  this  material  produced  by  color-effect  and  otherwise.  The  pier  would  be  more 
graceful  if  the  portion  above  the  lower  coping  were  not  quite  so  wide. 

445.  Plates  XVIII,  XIX,  and  XX  are  considered  in  articles  pertaining  to  roadway. 

446.  Plate  XXI. — Fig.  i  owes  its  pleasing  apppearance  solely  to  its  form.  The  struc- 
ture is  very  plain  otherwise,  but  suits  its  purpose  admirably. 

Fig.  2  is  of  similar  character,  but  adapted  to  railway  traffic.  The  dimensions  of  the  arch 
increase  toward  the  springing,  which  illustrates,  architecturally,  the  technical  requirements. 

Fig.  3.  This  immense  structure  justly  demands  supremacy  over  its  surroundings.  The 
graceful  lines  of  the  cables  stand  out  in  bold  relief  against  the  sky,  thus  bringing  about  per* 
feet  harmony  with  the  landscape,  which  is  characterized  by  the  masts  and  rigging  of  thou- 
sands of  vessels  in  the  harbor.  The  bridge  is  strictly  plain  and  owes  its  beauty  to  its  iorm« 
The  towers  have  the  appearance  of  being  unfinished^  and  should  be  capped  with  an  appro* 
priate  design. 

Fig.  4  is  a  plain  though  very  effective  design  for  a  viaduct.  It  might  not  be  as  econumi- 
cal  as  a  plate  girder,  but  the  appearance  is  worth  the  difference.  It  is  a  fine  example  of  artis- 
tic construction  in  wrought-iron. 

Fig.  5  represents  one  of  the  few  bridges  that  may  be  called  a  model.  Every  detail  dis* 
closes  artistic  tact. 

447.  Plate  XXI L — As  a  general  criticism,  all  these  designs  lack  symmetry  except  Nos. 
I,  2,  and  8,  which  defect  is  not  excusable,  as  may  be  seen  from  PL  XXIII.  No.  i  is  a  correct 
solution  of  the  problem,  and  presents  a  very  graceful  appearance. 

No.  2  is  wanting  in  aesthetic  stability,  as  the  thin  cables  of  the  approaches  do  not  counter* 
balance  the  mass  of  the  main  span. 

No.  3  conveys  the  idea  of  extreme  economy.  Such  a  structure  would  not  be  very  credit* 
able  to  a  wealthy  city. 

No.  4  is  a  succession  of  arches  which  bear  no  artistic  relation  to  each  other.  The  heavy 
pier  in  the  bridge  centre  is  not  called  for,  since  the  long  span  is  really  more  important.  The 
change  of  grade  was  unnecessary,  as  shown  by  the  other  designs. 

Nos.  5  and  9.  If  the  left  half  had  been  repeated  on  the  right-hand  side  of  the  centre  pier, 
both  designs  would  have  been  acceptable.  Of  course  this  would  convert  the  probable  canti- 
lever into  two  braced  arches  and  two  cantilever-arms. 

No.  6  would  seem  like  a  monstrosity  in  a  city  like  New  York.  Such  a  bridge  would  be 
more  suitable  to  the  wilds  of  the  far  West. 

No.  7  contains  such  a  variety  of  arches  that  the  common  mind  might  wonder  whether 
there  could  be  any  circumstance  where  arch  construction  is  not  possible.  Of  course  the  de- 
signer probably  had  some  reason  for  choosing  this  disposition,  yet  the  manner  of  solving  the 
problem  is  justly  open  to  criticism. 

No.  8  is  too  heavy  and  would  not  harmonize  with  the  surroundings. 

No.  10  would  represent  a  fair  design,  though  the  centre  span  might  have  been  increased 
about  50  feet.     Even  then  the  river  spans  aeem  rather  insufficient. 
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448.  Plate  XXIII. — The  four  designs  for  Harlem  River  or  Washington  Bridge  illustrate 
very  clearly  how  the  unsymmetrical  forms  on  PI.  XXII  might  have  been  avoided.  The  draw 
ing  by  Mr.  C  C.  Schneider  is  a  model  in  every  respect.  The  metal  arches  are  hi.g^hly  artistic, 
yet  plain,  and  appeal  to  the  eye  as  the  important  members  of  the  bridge.  The  more  orna- 
mental roadway  is  massive,  but  in  very  good  proportion  to  the  arches.  The  masonry  ap- 
proaches exhibit  a  distinct  character,  peculiar  in  themselves.  The  style  of  the  shore  piers  is 
exactly  repeated  in  the  river  pier.  The  coping  which  marks  the  springing  of  the  masonry- 
arches  is  carried  through  the  entire  stone  work.  The  railing  and  cornice  are  uniform  over  the 
bridge,  but  are  emphasized  in  the  main  structure  by  the  secondary  arch  system  below.  The 
harmony  between  the  various  parts  is  admirably  preserved. 

The  design  by  Mr.  W.  Hildenbrand  is  less  pleasing  in  effect.  The  arches  of  the 
approaches  resemble  too  much  the  secondary  system  of  the  roadway,  which  latter  appears 
rather  heavy  compared  with  the  main  arches  which  carry  them.  The  manner  of  bracing  the 
vertical  columns  destroys  to  a  great  extent  the  effective  character  of  the  braced  arches  which 
stand  out  so  clearly  in  Mr.  Schneider's  design. 

The  defects  in  the  contract  drawing  are  nearly  all  remedied  in  the  bridge  as  built,  and  are 
so  plainly  visible  that  nothing  more  need  be  added. 

449.  Plate  XXIV. — Figs,  i,  2,  and  3  are  very  neat  designs,  each  suited  admirably  to  its 
purpose.  The  beauty  is  due  entirely  to  the  general  form,  and  decorations  would  be  quite 
unnecessary.     The  lack  of  symmetry  is  clearly  justified  by  the  profile. 

The  St.  Louis  and  Washington  bridges  are  considered  elsewhere. 

450.  Plate  XXV. — Fig.  i.  This  most  beautiful  structure  well  deserves  mention  here,  and 
illustrates  the  extent  to  which  aesthetic  design  may  be  applied  to  bridges.  It  is  hoped 
that  we  may  soon  be  able  to  include  similar  artistic  feats  among  American  productions. 

Fig.  2.  The  Salzburg  Bridge,  together  with  its  landscape,  exhibits  a  very  picturesque 
appearance.  The  only  defect  is  in  the  peculiar  truss  ornamentation,  which  partially  disguises 
the  technical  outline  of  the  superstructure. 

451.  Plate  XXVI. — Fig.  i  is  a  railroad-  and  highway-bridge  combined,  which  accounts 
for  the  heavy  form,  though  the  design  is  in  good  keeping  with  the  surroundings. 

Fig.  2.  The  iron  highway  bridge  in  Basel  is  a  very  pretty  structure.  The  masonry  is 
rather  old-fashioned,  but  this  is  required  by  the  character  of  the  locality.  The  river  piers  are 
still  in  want  of  the  necessary  statuary. 

Fig.  3  shows  what  results  may  be  obtained  without  resorting  to  ornamentation.  The 
bridge  represents  a  most  effectual  piece  of  work,  comparatively  cheap  and  to  the  purpose. 

452.  Plate  XXVII. — Fig.  i  illustrates  a  type  of  bridge  which  should  be  more  frequently 
seen  in  the  parks  of  our  large  cities.  It  is  a  very  handsome  design,  with  the  exception  of  the 
railing.  One  of  the  patterns  on  Plate  XX,  as  Figs.  21,  25,  or  30,  would  have  been  more  in 
place. 

Fig.  2  is  in  itself  far  from  being  a  beautiful  structure,  though  it  is  in  artistic  balance  with 
the  rugged  landscape.     Nothing  elaborate  is  called  for,  hence  the  design  answers  its  purpose. 

Fig.  3  represents  the  earliest  form  of  metal  bridges,  with  piers  adapted  to  defensive 
purposes.  Even  at  the  present  time  these  might  prove  useful.  The  general  disposition  is 
nevertheless  in  conformity  with  aesthetics.  The  centre  pier  is  developed  to  the  proper  degree, 
and  the  shore  piers,  or  abutments,  are  offset  by  the  fortified  towers,  which  include  the  end 
portals  and  toll  offices.  The  lattice  trusses  rank  among  the  least  artistic,  but  in  this  case,  with 
its  many  systems,  it  approaches  closely  the  beam  or  tubular  form. 

453.  Plate  XXVIII. — Fig.  i  is  a  modern  example  of  the  fortified  type  of  bridges.  The 
abutment  is  a  perfect  fort,  to  which  the  heavy  trusses  are  well  suited. 

Fig.  2  is  a  very  graceful  and  highly  ornamental  bridge,  of  which  the  city  of  Mayence  may 
well  be  proud. 
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Fig.  3.  This  is  one  of  the  earliest  forms  of  metal  arches,  and  was  used  largely  as  a  pattern 
for  the  Eads  Bridge  in  St.  Louis.  It  is  a  plain  yet  effective  design  and  highly  creditable  to 
its  engineer. 

454.  Plate  XXIX.— Fig.  i.  The  Rialto  Bridge,  over  the  Grand  Canal,  in  Venice,  is  his- 
torical in  bridge  architecture.  It  is  the  peculiar  character  of  the  adjoining  dwellings  that  lends 
beauty  to  this  monument  to  early  engineering.  The  same  design  repeated  elsewhere  would 
undoubtedly  prove  an  artistic  failure. 

Fig.  2  is  a  beautiful  structure  and  very  creditable  to  the  city  of  St.  Louis.  It  is  beyond 
question  one  of  the  neatest  suspension  bridges  in  this  country,  and  would  bear  repetition  else- 
where. 

Fig.  3  represents  the  model  bridge  of  Philadelphia.  Similar  structures  erected  at  Market 
Street,  Girard  Avenue,  and  Callowhill  Street,  would  have  been  more  in  place  than  the  present 
crossings  of  the  Schuylkill  at  these  points.  The  Girard  Avenue  Bridge  is  very  handsome,  but 
does  not  compare  with  the  one  at  Chestnut  Street.  Instead  of  the  abrupt  change  of  grade  in 
the  centre  of  this  bridge,  a  gradual  curve  might  have  been  chosen. 

455.  Plate  XXX.— Fig.  i.  The  portal  of  the  New  Hamburg  Bridge  is  one  of  the  finest 
pieces  of  engineering  architecture  in  existence.  The  superstructure,  which  is  an  exact  copy  of 
that  of  the  old  bridge  shown  in  Fig.  2,  would  hardly  be  duplicated  elsewhere,  though  it  looks 
well.    The  fact  that  two  structures  of  this  design  were  placed  side  by  side  is  to  be  deplored. 

456.  Plate  XXXI. — Fig.  i  of  this  plate  has  received  mention  in  speaking  of  Plate  XXIV. 
The  St.  Louis  Bridge  with  its  world-wide  reputation  scarcely  needs  any  comment  here ; 

it  is  added  as  a  model  of  aesthetic  design. 

456a.  Plate  XXXLi. — Fig.  i  *  is  a  fine  view  of  the  Tower  Bridge  recently  constructed 
across  the  Thames  at  London,  near  the  Tower  of  London,  from  which  it  takes  its  name.  This 
design  is  the  result  of  some  twenty  years*  continuous  study  and  discussion,  and  although  it 
spans  a  total  opening  of  only  about  800  feet,  it  has  been  constructed  at  a  cost  of  over 
$4,cxx^,cxx^.  A  large  part  of  this  cost  has  been  incurred  purely  for  the  sake  of  aesthetic  effect. 
The  four  elegant  stone  towers  simply  serve  the  purpose  of  enclosing  and  covering  from  view 
four  pairs  of  steel  towers  which  carry  the  loads  imposed  by  the  suspension  cables.  The  two 
side  openings  are  270  feet  each,  and  the  centre  opening  200  feet.  The  roadway  of  the  central 
span  is  arranged  to  open  on  the  bascule  principle,  and  while  it  is  open  passengers  are  transferred 
to  the  tops  of  the  towers  by  elevators  and  cross  over  on  two  independent  footways,  each  twelve 
feet  wide,  at  a  height  of  141  feet  above  high  tide.  This  bridge  was  opened  for  service  in 
June,  1894,  and  has  continued  in  very  successful  and  satisfactory  operation  to  the  present 
writing  (May,  1895).  The  design  of  this  bridge  is  due  to  J.  W.  Barry,  Engineer,  and  Horace 
Jones,  Architect,  both  of  whom  were  employed  by  the  city  of  London  to  prepare  and  execute 
the  design.  It  forms  the  latest  and  best  illustration  of  the  proper  course^a  corporation  should 
pursue  in  securing  the  best  results  where  an  engineering  design  is  expected  to  have  a  pleasing 
architectural  effect.  Neither  the  engineer  nor  the  architect  alone,  however  competent  in  his 
own  field,  is  equal  to  the  successful  execution  of  such  a  project.  The  result  has  more  than 
justified  the  action  of  the  corporation  of  the  city  of  London  in  this  matter. 

Fig.  2 1  illustrates  the  Black  Friar.s  Road  Bridge  across  the  Thames  at  London,  which  was 
finished  in  1869.  Mr.  Joseph  Cubitt  was  the  engineer  engaged  by  the  city  corporation.  The 
piers  are  ornate,  but  in  excellent  taste,  the  cylindrical  column  being  composed  of  polished  red 
granite,  and  the  pedaments  and  capitals  of  Portland  stone.  The  external  wrought-iron  ribs 
are  covered  with  ornate  cast-iron  facia,  and  the  slightly  curved  roadway  is  guarded  on  either 
side  with  a  parapet  of  Gothic  design,  three  feet  nine  inches  high.  This  bridge  is  an  excellent 
example  of  simplicity  and  good  taste,  obtained  at  a  moderate  cost. 

*See  Engineering,  Jan.  4,  l895»  f  ^^^  Engineering,  Feb.  8,  1895. 
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4566.  Plate  XXXI^.  —  Fig.  i  *  of  this  plate  shows  the  Charing  Cross  railway  bridge, 
completed  in  1869  and  widened  in  1884.  But  little  attempt  has  been  made  in  this  bridge  to 
produce  a  pleasing  architectural  effect,  and  the  pile-like  character  of  the  piers  gives  to  the 
bridge  the  air  of  a  temporary  structure.  This  bridge  was  built  by  the  railroad  companies  who 
use  it,  and  it  well  illustrates  the  difference  between  a  good  and  a  poor  architectural  design. 
Even  such  attempts  as  have  been  made  at  ornamentation  on  the  brick  piers  appear  strained 
and  out  of  harmony  with  the  rest  of  the  design. 

In  Fig.  2 1  we  have  a  view  of  the  Victoria  Road  Bridge  across  the  Thames,  which  was 
completed  in  1858,  after  a  design  by  Mr.  Thomas  Page.  The  total  length  of  this  bridge  is  700 
feet,  the  central  opening  being  333  feet.  Both  the  abutments  and  the  piers  are  enclosed  in 
stonework,  giving  a  very  pleasing  architectural  effect.  The  loads  are  really  carried  inside  of 
these  stone  shells  on  iron  columns  and  concrete  masonry.  As  the  anchorage  abutments  are 
on  the  river  banks,  and  the  two  piers  are  placed  in  the  river,  the  entire  structure  rests  over 
the  water,  and  nothing  has  been  lost  by  having  the  approaches  extend  over  the  land.  It 
offers  less  obstruction  to  river  traffic  than  an  arch  bridge  would,  and  it  has  a  more  pleasing 
appearance,  especially  by  way  of  contrast. 

456c.  Plate  XXXIr. — This  plate  contains  an  additional  view  of  the  Tower  Bridge 
London,  shown  in  Fig.  i,  Plate  XXXI^. 

456c{.  Plate  XXX I^. — This  plate  gives  a  view  of  the  famous  suspension  bridge  at  Buda- 
Pesth,  which  is  frequently  called  the  handsomest  bridge  in  the  world. 

Fig.  2.  A  park  bridge  at  Milwaukee,  Wis.  A  very  successful  treatment,  being  equally 
pleasing  for  a  near  or  a  distant  view. 

Note.— The  author  is  greatly  indebted  to  the  following  gentlemen,  who  have  so  kindly  assisted  in  procuring 
desirable  illustrations : 

Messrs.  Wm.  R.  Hutton  and  Leo  von  Rosenberg,  for  the  use  of  Plates  XIII,  XIX,  XXII,  XXIII,  and  XXIV  from 
the  monograph  on  the  Washington  Bridge  ; 

Mr,  John  C.  Trautwine,  Jr.,  for  view  of  Chestnut  Street  Bridge,  Philadelphia  \ 

Mr.  Carl  Gayler,  M.  Am.  Soc.  C.  E.,  Designer,  and  the  King  Bridge  Co.  Contractor,  for  view  of  Grand  Avenue 
Bridge,  St.  Louis ; 

The  Cosmopolitan  Magatine,  for  the  plates  of  Fig.  3.  Plate  XXI  ;  Fig.  i.  Plate  XXIX ;  and  Fig.  i.  Plate  XXXI  ; 

Prof.  C.  L.  Crandall,  of  Cornell  University,  for  the  use  of  Plate  XVIII,  and  a  number  of  photographs  from  the 
magnificent  collection  belonging  to  that  institution  ; 

Mr.  James  Dredge,  Editor  of  Engineerings  for  the  four  views  of  London  bridges  shown  in  Plates  XXXIa  and 
XXXI^. 


*  Ste  Enginuring^  Feb.  22,  189$.  f  ^^  Engineering,  April  5,  1895. 
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CHAPTER   XXVII. 

STAND-PIPES  AND  ELEVATED  TANKS. 

457«  Use  of  Water  Towers. — ^Where  high  ground  is  not  available  for  service  reservoirs 
as  a  part  of  a  city  water  supply  system,  they  are  replaced  by  the  storage  of  a  small  quantity 
of  water  at  a  high  elevation,  in  a  steel  tank  or  "stand-pipe."  These  serve  to  relieve  the  pipe 
system  of  excessive  "  water-rams,"  and  to  equalize  the  irregularities  of  pumping  and  using. 
These  reservoirs  may  be  large  enough,  in  small  cities  and  towns,  to  supply  the  night  service, 
and  also  to  feed  three  or  four  fire  streams  for  an  hour,  or  until  the  pumps  can  be  started. 
In  the  case  of  a  stand-pipe  it  is  only  the  water  in  the  upper  portion  which  is  available  for  fire  ser- 
vice. It  is  on  this  account  that  tanks  of  larger  diameter,  elevated  upon  steel  or  masonry 
towers,  are  always  of  more  value  than  stand-pipes  of  the  same  total  cost.  The  stand-pipes 
are,  however,  much  more  common.  From  the  great  number  of  failures  of  these  in  all  parts 
of  the  country,  in  the  last  few  years,  it  is  evident  that  they  have  been  very  poorly  designed. 

These  two  kinds  of  structures  will  be  discussed  separately. 

Stand-pipes. 

458.  Dimensions. — In  order  to  decide  upon  the  dimensions  of  a  stand-pipe  it  is  necessary 
to  determine  the  storage  capacity  required  above  a  given  plane.  Suppose  this  plane  of  least 
effective  elevation  of  water  to  be  100  feet.  Let  it  be  required  to  compute  the  storage 
capacity  needed  to  serve  a  given  population  through  the  night,  when  the  pumps  are  operated 
only  in  the  daytime,  counting  the  night  service  as  somewhat  less  than  one  half  the  day 
service.  Allowing  60  gallons  each  per  day  for  the  entire  population,  we  have,  as  the  height 
through  which  the  water  will  be  drawn  dozvfi  at  night,  for  stand-pipes  of  different  diameters, 
and  for  towers  of  different  sizes, 

//  =  -jr  for  12  hours'  pumping ; 


^  ^P 
h  =  ~-  "    10     «  " 

4P    «'     8     **         ** 
h  =  ^ 

v^here   //  =  heiorht  in  feet  through  which  the  water  is  drawn  down  at  night ; 
/^=  number  of  population  ; 
d=  diameter  of  stand-pipe  in  feet. 


(«) 
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Thus  for  a  town  of  8000  inhabitants,  with  a  stand-pipe  20  feet  in  diameter,  the  water 
would  be  lowered  70  feet  at  night  for  10  hours*  pumping. 

Again,  let  it  be  required  to  find  the  capacity  necessary  to  supply  four  fire  streams,  each 
discharging  200  gallons  per  minute  (i-inch  smooth  nozzles  70  feet  high,  Freeman),  for  a  period 
of  one  houn     We  now  have,  as  the  number  oi  fire-stream  hours  which  can  be  supplied, 

n  =  0.0005^^/*  (streams  of  200  gallons  each  per  minute); ) 

n  =  o.ooo4i4//*  (streams  of  250  gallons  each  per  minute); ) ^  ^ 

where  n  =  number  of  fire-stream-hours ; 

h  =  height  through  which  the  water  is  drawn  down  ; 
d  =  diameter  of  stand-pipe  in  feet. 

From  equations  (i)  and  (2)  the  capacity  of  the  stand-pipe  above  a  given  plane  can  be 
found.     This  determines  its  height  when  the  diameter  has  been  fixed. 

The  height  should  never  be  more  than  ten  times  the  diameter,  and  preferably  not  more 
than  eight  times  the  diameter. 

459.  Character  and  Thickness  of  Metal. — The  material  of  which  the  plates  are  made 
should  be  mild  steel  having  an  ultimate  strength  of  55,000  to  64,000  lbs.  per  square  inch.  In 
the  markets  this  is  known  as  "  sheet  steel/'  or  "  boiler  steel."  There  is  a  cheapej  grade  of 
steel  plates  on  the  market  known  as  "  tank  steel.**  This  is  apt  to  be  hard  and  brittle  and 
should  never  be  allowed  in  any  part  of  the  structure.  Most  of  the  failures  in  stand-pipes  can  be 
traced  to  this  one  cause.*  And  yet  most  of  the  stand-pipes  in  this  country  have  been  built 
of  this  material.     (See  Art.  468  for  specification  for  material.) 

If  sufficient  precaution  is  taken  to  insure  obtaining  the  right  kind  of  material  in  the  plates 
then  the  thickness  can  be  determined  by  the  following  considerations : 

Allowing  that  the  double-riveted  vertical  joints  have  an  ultimate  strength  of  60  per  cent 
of  the  gross  section,  and  counting  the  tensile  strength  of  the  material  at  60,000  lbs.  per  square 
inch,  the  actual  strength  of  the  vertical  joint  is  36,000  lbs.  per  square  inch  of  gross  section. 
Taking  a  factor  of  safety  of  four,  we  may  allow  a  tensile  stress  of  9000  lbs.  per  square  inch  on 
the  gross  section  or  of  15,000  lbs.  per  square  inch  on  the  net  section. 

The  tensile  stress  in  the  shell,  per  vertical  inch,  is  7'  =  /r,  where  /  is  the  fluid  pressure 

per  square  inch,  and  r  is  the  radius  of  the  cylinder  in  inches.     But/  =  — '—  =  0.434A,  where 
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ir 
h  IS  the  head  in  feet.     Taking  ^/  =  —  as  the  diameter  in  feet,  we  have,  for  the  thickness  of 

12 

the  shell  required  at  any  depth, 

^"^^""^^^^^^"^^"'^^ ^^^ 

where  t  is  in  inches  and  h  and  d  are  in  feet. 

The  least  thickness  used  should  not  be  less  than  one  fourth  of  an  inch. 

Fig.  423  shows  graphically  the  thickness  to  use  for  different  values  of  hd^  varying  by  -^ 
inch.  It  is  not  desirable  to  specify  thicknesses  varying  by  thirty-seconds  of  an  inch.  This 
diagram  makes  some  allowance  for  imperfect  workmanship  and  a  poorer  grade  of  material  in 
the  very  thick  plates.  It  is  not  possible  to  rivet  up  thick  plates  without  considerable  internal 
stress. 

*  The  writer  examined  and  tested  the  broken  sheets  from  a  stand-pipe  which  burst  under  a  static  pressure  which 
produced  a  tensile  stress  of  only  one  fifth  of  the  ultimate  strength  of  the  material  and  found  them  so  brittle  that  they 
could  aot  be  straightened  in  the  rolls  without  breaking. 
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In  Fig.  423,  the  thicknesses  are  shown  to  actual  scale.     It  is  not  wise  to  try  to  use  plates 

thicker  than  one  inch.  If  this  does  not  give  the  capacity 
required  it  would  be  better  to  duplicate  the  plant  than  to 
try  to  use  thicker  plates. 

460.  Wind  Moment  and  Anchorage. — ^The  over- 
turning moment  due  to  wind  pressure  may  be  taken  as  40 
lbs.  per  square  foot  on  one  half  the  diametral  area  into  one 
half  the  height  if  a  stand-pipe,  or  into  the  height  of  the 
centre  of  pressure  if  an  elevated  tank. 

The  stresses  in  the  anchor  bolts  may  be  calculated  on 
the  assumption  that  the  tank  is  a  cantilever  beam  in  which 
bolts  are  made  to  replace  the  solid  shell  at  the  bottom. 
The  ** bending  moment"  is  the  overturning  moment  of  the 
wind,  and  the  "moment  of  resistance*'  is  the  moment  of  the 
stresses  in  the  bolts  about  the  "neutral  axis.*'  For  stresses 
within  the  elastic  limit  it  may  be  assumed  that  the  line  of 
zero  stress,  or  ''neutral  axis,"  passes  through  the  centre;  that 
is,  that  the  bolts  on  a  diametral  line  perpendicular  to  the 
direction  of  the  wind  receive  no  stress.  At  rupture,  this 
would  not  be  true,  as  the  compressive  resistance  of  the  tank 
on  its  base  is  much  greater  than  the  tensile  resistance  of  the 
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Fig.  423.  Fig.  424. 

bolts,  but  it  is  on  the  safe  side  and  is  more  in  accordance  with  the  usual  assumpticms  regarding 
the  distribution  of  stress  due  to  bending. 

In  rig.  424,  let  i45  . . .  /^  represent  the  anchorages  of  the  brackets  of  a  stand-pipe  with  centre  O. 
Assume  first  that  the  wind  is  in  the  direction  OH.  The'line  AD  is  the  neutral  axis  and  the  moment 
of  resistance  is  equal  to  the  moments  of  the  tensile  stresses  at  B  and  C  plus  that  of  the  compressive 
stresses  at  E  and  jF,  taken  about  the  axis  AD. 

Let  Af  =  overturning  moment  and 

P  =  pull  on  rods  at  B  and  C«  compression  at  E  and  F. 

M 
Then  M''4PA,         or         ^^=^ (4) 
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Now  suppose  the  wind  in  the  direction  OE.  The  neutral  axis  will  be  the  diametral  line 
perpendicular  to  OE.  The  distances  of  the  rods  C  and  B  from  this  line  will  be  respectively  a 
and  2a,  and  the  stresses  in  these  rods  will  be  proportional  to  these  distances.    Hence  if  P  is  the 

P 

pull  at  B,  that  at  C  and  A  will  be  — .     Likewise  for  the  compressions  at  £,  D,  and  F.   Equating 

moments  about  the  neutral  axis  we  then  have 


ifcf=2X(PX2a)  +  4X 


From  this  we  find 


a      joo         „  .  . 

Now  -J  =  o72=o-5o»  or  0=0.58^1. 

Therefore 


P= 


da 


P= 


M 


3.48^ 


(5) 


(6) 


(7) 


By  comparing  with  eq.  (4)  it  will  be  seen  that  the  maximum  anchorage  stress  is  given  by  eq.  (7), 
and  occurs  when  the  wind  acts  in  the  direction  of  a  maximum  diameter  of  the  anchorage. 

Having  found  the  maximum  value  of  P,  this  fixes  the  depth  of  the  masonry 
foundation,  the  size  of  the  anchor  rods,  and  the  strength  of  the  brackets.  The  masonry  must 
be  deep  enough  to  supply  the  necessary  dead  weight ;  or  that  part  of  it  which  can  be  supposed 
to  rest  on  the  anchor  plate,  or  to  be  lifted  by  this  plate,  must  be  equal  to  P.  The  weight  of 
a  cubic  foot  of  masonry  may  be  taken  at  150  lbs. 

The  size  of  the  anchor  rods  must  be  taken  as  the  size  at  the  base  of  the  screw  threads  if 
they  are  not  upset  at  the  ends.  The  working  stress  on  these  may  be  taken  at  15,000  lbs.  per 
square  inch  of  net  section. 

461.  The  Anchorage    Brackets. — It   is  a 

very  common  practice,  in  anchoring  down  pedes- 
tals, to  attach  the  anchor  bolts  to  the  outstanding 
legs  of  angle  irons  which  are  riveted  to  the  feet 
of  the  posts.  This  is  a  very  poor  attachment,  as 
at  most  two  or  three  rivets  are  required  to  take 
the  whole  pull  of  the  anchor  bolts.  A  better 
arrangement  for  a  bracket  is  that  shown  in  Fig. 

425. 

The  bracket  is  15  feet  high  and  has  a  base  of 
8  feet  to  anchor  rods.  It  is  curved  slightly  for 
appearance,  and  is  composed  of  a  solid  plate  with 
double  angles  on  all  three  sides.  The  pull  from 
the  anchor  bolts  is  transmitted  through  a  suf- 
ficient number  of  rivets  to  the  web  of  the  bracket, 
and  thence  by  shear  and  bending  moment  to  the_ 
side  of  the  stand-pipe,  which  is  reinforced  on  the 
inside,  at  the  top  of  the  bracket,  by  a  heavy  angle 
^^^^^^_^^_^^^  iron.     This  takes  the  pull  or  thrust  coming  from 

"^^^^^^^^^^^^MM^^j^^^TizTTJ^.  the  outer  flange  of  the  bracket  which  is  concen- 
^'°-  425.  trated  at  the  upper  end.* 

*  This  form  of  bracket  was  used  on  the  stand-pipe  at  Jefferson  City,  Mo.,  which  is  shown  in  Fig.  430. 


'^^y/^jy 
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s  the  web,  as  shown 


fj 


For  large  brackets  stiffening  angles  should  be  placed  diagonally  a 
in  Fig.  425. 

In  case  no  brackets  are  used  the  anchor  bolts 
should  be  attached  directly  to  the  bottom  ring  of  the 
stand-pipe  by  means  of  long  angle  irons,  as  shown  in 
Fig.  426. 

The  anchor  bolts  must  here  be  kept  as  close  to 
the  side  of  the  stand-pipe  as  possible. 

The  brackets  are  preferable,  however,  as  they 
serve  also  to  distribute  the  dead  weight  over  a  larger 
area  of  foundation.  Furthermore,  they  add  greatly  to 
the  general  appearance  of  the  structure.    (See  Fig.  43a) 

The  use  of  cast-iron  lugs,  of  short  vertical  dimen- 
sions, riveted  to  the  sides  of  the  stand-pipe,  to  which 
the  anchor  bolts  are  attached,  cannot  be  too  severely 
condemned.  Fi".  4*6- 

462.  Details  of  Construction. — This  not  being  a  work  on  foundations  or  on  water-works 
construction,  the  questions  pertaining  to  character  and  sufficiency  of  the  foundation;  inlet  and 
outlet  pipe;  cut-off  valves  and  their  operation  by  hand  or  by  electricity  from  the  pumping 
station;  fluat  indicators,  electric  and  otherwise;  man.holes,  stairway,  flushing-out  pipe,  etc.,  are 
here  omitted  ;  also  all  discussion  of  outer  masonry  structural  housing  and  the  design  of  the 
same,  and  whether  or  not  it  is  necessary  to  enclose  the  stand-pipe  in  any  manner.  It  is 
assumed,  however,  in  this  chapter  that  the  tower  is  not  enclosed. 

Riveting. — ^The  subject  of  riveting  is  discussed  in  Chapter  XVIII.  Although  lap  joints 
are  almost  universal  in  these  structures,  the  difficulty  of  making  a  water-tight  joint  where 
three  plates  come  together  makes  some  other  arrangement  desirable.     The  strength  of  a  lap 


Fig.  437. 

joint  also  is  much  less  than  that  of  a  double-strap  butt  joint.  Since  the  horizontal  joints  are 
not  stressed  by  the  water  pressure,  they  may  be  lapped  and  single  riveted.  The  vertical 
joints  should  be  made  with  double  butt  straps,  as  shown  in  Fig.  427.  Here  the  vertical  Joints 
have  double  butt  straps  with  bevelled  calking  edges  on  all  four  sides  of  the  outer  strap.  The 
inner  strap  is  not  calked.  The  straps  should  be  not  less  than  J  in.  thick,  nor  thinner  than  one- 
half  tlie  thickness  of  the  plate. 
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The  proportions  of  diameter  and  pitch  of  rivets  to  thickness  of  plate  are  given  in  the 
table  below,  which  has  been  compiled  from  the  Watertown  Arsenal  experiments  on  riveted 
joints. 

RIVETED  JOINTS   FOR  STAND-PIPES. 


Kiod  of  Joint  on 
Vertical  Seams. 
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It  will  be  observed  that  the  butt  joint  is  much  more  efficient  than  the  lap  joint,  even 
when  both  are  double  riveted.  When  the  plates  are  more  than  }  in.  thick  they  should  be 
drilled  and  not  punched,  as  the  cold  flowing  of  the  metal  in  punching  thick  plates  injures  it 
for  a  considerable  distance  around  the  holes. 

Plates  thicker  than  i  in.  should  not  be  used  if  it  can  be  avoided.  Since  all  the  riveting 
is  done  by  hand  in  the  field,  the  rivets  should  be  of  iron. 

Calking. — All  calking  edges  should  be  bevelled  on  a  planer,  and  the  calking  should  always 
be  done  with  a  round-nosed  tool,  as  shown  in  Fig.  428.  If  a  square-edged  tool  is 
used  it  creases  the  inner  plate,  and  if  this  should  prove  to  be  of  brittle  steel  it  might 
cau.se  a  failure  along  this  line.  On  all  plates  over  \  in.  thick  the  vertical  joints 
should  be  made  by  double  butt  straps,  as  shown  in  Fig.  427.  If  single  straps  are 
used  the  joint  is  no  stronger  than  a  lap  joint,  which  it  really  is.  When  these  are 
not  used,  one  of  the  plates,  where  three  plates  meet,  must  be  scarfed  down  to  a 
feather  edge,  and  this  should  be  done  by  heating  the  corner  of  the  plate  before  ' 
putting  under  the  hammer.  This  heating  and  cooling  one  corner  of  a  steel  plate 
introduces  unknown  internal  stresses  into  the  plate,  especially  if  it  is  of  a  high  grade 
of  steel,  which  can  only  be  removed  by  annealing  the  plate.  The  butt  straps  avoid 
this  source  of  weakness  also. 

Bottom. — The  bottom  is  attached  to  the  sides  by  a  heavy  interior  angle-iron,  as 
shown  in  Fig.  425.     In  the  case  of  high  stand-pipes,  or  those  over  120  feet  high,   Fig.  428. 
there  should  be  two  of  these  angles  to  better  distribute  the  dead  weight  of  the  sides  on  the 

masonry,  as  shown  in  Fig.  429.  The  bottom  is  usually 
made  of  f-in.  plates,  and  this  is  attached  to  the  first 
ring  of  the  sides  and  thoroughly  calked,  and  then 
lowered  to  place  on  the  foundation.  This  should  have 
been  carefully  levelled  up  by  using  an  engineer's  level, 
and  then  covered  over  with  about  an  inch  of  soft  Port- 
land-cement mortar.  The  supports  are  then  removed 
and  the  lower  ring,  with  the  bottom  attached,  is  care- 
Fig.  429.  fuijy  lowered   upon   its   cement   bed.     For  the  larger 

sizes  the  bottom  must  be  held  up  at  one  or  more  points  on  the  interior  to  prevent  its  sagging 
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too  much.  This  is  done  by  attaching  permanent  eyes  to  the  bottom,  by  riveting  and  fasten- 
ing these  to  timbers  across  the  top  edge  of  the  vertical  sides.  If  the  bottom  were  allowed  to 
sag  it  would  destroy  the  calking. 

To  the  bottom  is  usually  attached  the  inlet  and  outlet  pipe,  which  is  commonly  one  and 
the  same;  but  the  details  of  this  will  not  be  discussed  here. 

Man-holes  are  often  placed  in  the  lower  side  ring,  but  this  is  a  source  of  weakness.     It  is 
better  to  arrange  a  blow-out  pipe,  with  a  gate-valve  upon  it,  with  many  mouths  uniformly  dis- 
tributed over  the  bottom  on  the  inside,  all  opening  downward,  and  properly  connected  with 
tne  blow-out  pipe.    This  should  be  not  less  than  ten 
inches  in  diameter  for  a  stand-pipe  fifteen  feet  or 
over   in   diameter,  and   the   bottom  is  cleaned   by 
simply  opening  the  valve.     The  rush  of  water  out 
of  these  various  mouths  cleanses  the  entire  bottom. 
Even  though  perfectly  pure  ground-water  is  pumped 
into  the  stand-pipe,  a  considerable  amount  of  sedi- 
ment will  collect  at  the  bottom,  which  should  be 
cleaned  out  occasionally.     By  the  means  here  de- 
scribed it  is  not  necessary  to  empty  the  stand-pipe 
to  clean  it. 

Top  Angle, — To  prevent  the  top  from  collapsing 
from  the  force  of  the  wind,  a  strong  angle  iron,  not 
less  than  4"  X  4",  should  be  riveted  to  the  top, 
either  inside  or  outside. 

It  is  not  wise  to  cover  a  stand-pipe  where  the 
winters  are  severe.  A  thick  coating  of  ice  forms 
upon  the  sides,  which  may  become  loosened  as  warm 
weather  approaches,  and  if  this  is  done  suddenly,  its 
buoyancy  throws  it  with  great  force  upwards.  If  at 
such  a  time  the  stand-pipe  happens  to  be  nearly  full 
of  water,  this  ico  column  may  be  forced  many  feet 
above  the  top.  If  a  roof  were  provided,  it  would 
probably  be  torn  off  by  such  an  action. 

463.  Ornamentation. — There  is  probably  no 
homelier  engineering  device  than  a  plain  steel  stand- 
pipe.  They  are,  however,  sometimes  made  more 
offensive  by  ill-advised  attempts  at  ornamentation 
There  seems  to  be  but  one  class  of  top  ornaments 
to  a  stand-pipe  which  are  appropriate.  This  is  a  com- 
bination of  a  cornice  and  a  sort  of  top  fencing  or 
open  fret-work.  The  cornice  is  not  full-surfaced,  but 
composed  of  plate  disks,  placed  near  together,  which 
in  profile  give  the  desired  curves.  Fig.  430  is  a  view 
of  the  stand-pipe  at  Jefferson  City,  Mo,,*  which  has 
such  an  ornamentation  as  here  described.  The 
photographic  view  here  shown  was  taken  from  a 
point  too  near  to  show  the  top  to  the  best  advan 
tage.  It  is  considered  an  ornament  to  the  city  by 
the   citizens,    and   yet   it   cost    but  a  few  hundred 

Fig.  43a 

•  Designed  by  Prof.  Johnson,  and  erected  in  iS89.  It  stands  on  a  promineni  hill  opposiie  ihe  Capiiol,  and  is 
visible  to  i[9  base  from  moal  pans  of  Ihe  dly.  Its  dimensions  are  20  fl.  X  l«5  fl.  Tiie  lop  ornamenial  work  is  very 
inadequately  shown  in  tliis  cut  which  is  a  half-tone  from  a  retouched  photograph. 
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dollars  to  transform  this  from  an  eyesore  into  a  pleasing  monument.  Since  these  struct 
ures  must  of  necessity  constantly  meet  the  public  gaze,  it  is  little  short  of  a  crime  to  make 
them  standing  embodiments  of  innate  ugliness. 

Elevated  Tanks* 

464.  General  Design. — Elevated  tanks  should  always  be  made  of  steel  plates,  and 
should  rest  on  a  wrought-iron  or  steel  trestle-tower.  Wooden  tanks  are  not  sufficiently 
permanent,  and  masonry  towers  over  forty  feet  high  are  unreliable.  It  is  practically  impossible 
to  make  a  tall  masonry  (brick  or  stone)  tower  act  as  one  monolithic  mass.  Its  strength  is 
always  problematic,  and  depends  so  largely  upon  the  character  of  the  workmanship  that  the 
designer  can  never  feel  assured  of  its  safety  under  the  heavy  loads  which  a  large  water  storage- 
tank  puts  upon  it. 

When  we  use  a  steel  tank  upon  a  trestle-tower,  it  is  difficult  to  support  a  flat  bottom  and 
to  distribute  this  load  horizontally  to  the  posts.  It  is  much  cheaper  and  more  scientific  to 
make  this  bottom  either  curved  or  conical.*  It  is  more  scientific  to  make  them  curved,  and  the 
most  practical  curve  is  the  circle.  The  bottom  should  therefore  be  spherical,  the  segment 
used  being  somewhat  less  than  a  hemisphere.  Such  a  bottom  can  be  readily  shaped  by  dishing 
the  plates  to  a  uniform  curve  under  a  steam-hammer.  This  increases  the  cost  somewhat,  but 
such  a  bottom  is  much  cheaper  than  a  flat  bottom  with  its  accompanying  floor  system. 

465.  Design  of  the  Tank. — The  thickness  of  plates  to  use  in  the  sides  is  given  in  Fig.  423. 
The  thickness  of  the  plates  in  a  hemispherical  bottom  need  be  but  little  more  than  one  half 
that  of  the  bottom  ring  on  the  side.     The  computed  stress  on  the  bottom  plate  is  only  one 

half  that  in  the  sides  of  a  cylinder  subjected  to  the  same  internal  stress,  or  it  is  —  per  linear 

2 

inch,  where/  is  the  internal  pressure  per  square  inch,  and  r  is  the  radius  of  the  bottom  in  inches. 

If  a  segmental  bottom  is  used  less  than  a  full  hemisphere,  then  r  is  larger  here  than  for  the 

shell,  and  the  bottom  plates  must  be  correspondingly  heavier.     Allowing  the  same  unit  stress 

as  was  used  for  the  sides,  we  have,  for  thickness  of  bottom  plates^ 

t  =  o.ooo3Ar, (8) 

where  /  =  thickness  of  bottom  plates  in  inches ; 
h  =  head  of  water  in  feet ; 
r  =  radius  of  bottom  in  feet. 

In  any  case  the  bottom  should  not  be  less  than  -^  in.  thick. 

Riveting. — The  side  riveting  is  subject  to  the  same  rules  as  given  for  stand-pipes.  The 
bottom  sheets  should  all  be  single  riveted,  since  the  stress  on  these  joints  is  only  about  one 
half  what  it  is  in  the  side  plates.  The  attachment  of  the  bottom  to  the  sides  may  be  by 
a  single  or  double  row  of  rivets  as  preferred.  The  only  distortion  of  the  bottom  which  can 
occur,  due  to  a  fluctuation  of  height  of  water  in  the  tank,  is  a  vertical  deflection  of  the  whole 
bottom.  The  tendency  for  the  diametral  curve  to  change  its  shape,  on  account  of  its  not 
being  at  all  times  the  curve  of  equilibrium  for  that  particular  pressure,  is  fully  resisted  by  the 
circumferential  stress  in  the  bottom  plates.  Even  though  the  bottom  were  made  conical,  these 
plates  would  not  become  curved  on  a  diametral  section,  the  circumferential  stress  holding  them 
to  true  conical  surfaces. 

Concentration  of  the  Load  upon  the  Posts. — Fig.  433  illustrates  the  method  of  concentrating 
the  load  upon  the  columns.  The  bottom  is  here  shown  as  segmental,  and  because  this  pro- 
duces an  inward  pull  upon  the  shell  at  its  attachment,  two  strong  angle  irons  are  placed  here 
to  resist  this  compressive  stress. 

*  In  a  thesis  sfidy  by  J.  M.  Raikes  Univ.  of  Mich.,  1896,  the  relative  weights  of  steel  in  a  tanic  40  ft.  diam.  by 
40  ft.  high  were  for  flat  bottom,  with  beams  and  girders,  120,000  lbs.;  conical  bottom  and  circular  girder,  ^,200  |^,; 
fpberical  boUOQt  ap4  circular  j^irder,  77,109  lbs.    ( The  Tcchnic,  1896.) 
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Let  /*=  the  compression  produced  in  the  shell  at  this  circle  by  this  action,  in  pounds; 
d  =  diameter  of  tank,  in  inches  ; 

M^=  total  weight  of  the  water  in  the  tank  plus  the  weight  of  the  bottom  itself  ; 
i  ~  angle  of  bottom  with  the  vertical  at  the  attachment  circle. 
Then  we  have 

P=-^' tan  I- -  =aiS9Wtan  fc (9) 

This  is  the  total  compression  in  the  two  angles  at  A.    The  lower  sheet  of  the  shell  is  continu- 
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ous  through  the  attachment  joint  at  A  to  the  bearings  on  the  posts  at  B.  Between  A  and  B  this 
sheet  is  stiffened  by  four  angles,  as  shown  in  elevation  and  plan  in  Fig.  433.  Between  these 
angles  and  the  top  of  the  post  a  plate  is  inserted  which  reaches  over  to  the  curved  bottom 
and  is  there  attached  as  shown.  The  top  of  the  column  is  covered  by  another  plate  which  is 
in  turn  supported  by  the  ends  of  the  column  members  and  angle  irons  in  some  suitable 
manner,  so  as  to  distribute  the  load  equally  over  the  members  composing  the  column. 

The  Roof. — These  tanks  are  not  so  high  as  to  cause  the  ice  to  interfere  with  a  roof,  and 
hence  they  should  be  covered.    The  roof  can  also  be  made  to  add  greatly  to  the  appearance 


BRACKET  POn 
BALCONY 


ELEVATION  OF  COLUMN 

AN  2  nr.p.cES 


Fig.  433. 

of  the  tank,  as  shown  by  Figs.  431  and  432.*     A  curved  pagoda  roof  will  always  make  a  better 
appearance  than  a  conical  or  pyramidal  form. 


*  Fig-  431  is  from  a  design  prepared  by  Johnson  and  Flad,  St.  Louis,  in  1890,  for  the  western  suburbs  of  that  city. 
The  tank  shown  in  Fig.  432  was  designed  by  Mr.  Edw.  Flad,  C.E.,  M.  Am.  See  C.E.,  for  Laredo,  Tex. 
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Relative  DimtJtsiotu. — The  more  nearly  the  tank  as  a  whole  approaches  the  spherical 
form  the  cheaper  it  will  be  in  proportion  to  its  volume.  It  makes  a.  better  appearance,  how- 
ever, if  its  height  is  about  twice  its  diameter,  as  shown  in  Fig.  432.  Here  again  the  appearance 
should  be  a  prominent  and  determining  factor  in  preparing  the  design. 

466.  The  Trestle  Tower. — For  economy  the  trestle  legs  should  be  few  in  number.  A 
heavy  post,  or  column,  is  relatively  more  economical  than  a  light  one  of  the  same  length, 

because  -  is  less  for  the  large  post.     The  material  also  should  be  medium  steel,  or  steel  of 

from  62,000  to  70,000  lbs.  tensile  strength.  This 
material  is  now  so  cheap  that  there  is  no  longer 
any  object  in  using  cast-iron  in  columns  for  any  pur- 
pose. The  forms  may  be  either  Z  bars  or  channels, 
whichever  is  found  to  be  best  adapted  to  the  par- 
ticular details  used.  Probably  two  channels,  turned 
with  the  plane  sides  out,  and  latticed  on  two  sides, 
with  tie-plates  at  the  joints,  as  shown  in  Figs.  433  and 
454,  will  be  found  to  serve  every  purpose. 

The  smallest  number  of  posts  which  is  practi- 
cable is  four.     But  four  points  of  support  under  the 

tank  are   not  sufficient.     Mr.  Edw.  Flad,  C.E.,  has  ;ctioh« 

probably  made  the  best  solution  of  this  problem,  and  «oo«. 

it  will  be  here  described.  He  uses  four  posts,  as 
shown  in  Fig.  432,  and  from  each  post  extend  two 
braces  at  top,  thus  giving  twelve  points  of  support 
under  the  tank.  This  is  an  excellent  solution,  and 
causes  the  structure  to  present  a  very  satisfactory 
appearance,  but  it  leads  to  somewhat  complicated 
details  where  these  brackets  meet  the  posts  and  the 
tank.  The  details  of  these  connections  are  shown  in 
I^'g  433-  The  details  of  the  connections  for  struts 
and  ties  are  shown  in  Fig,  434.  In  this  figure  are 
also  shown  the  details  for  the  bases  of  the  posts,  the 
anchorages,  and  the  ladder,  which  is  attached  to  the 
outer  side  of  one  of  the  posts.  These  details  were 
for  a  tank  40  feet  high  and  20  feet  in  diameter, 
having  a  capacity  of  85,000  gallons,  and  set  on  a 
trestle  80  feet  high. 

The  roof  has  a  wooden  framing,  set  on  iron 
brackets,  as  shown  in  Fig.  432.  An  air  space  24 
inches  high  was  left  between  the  top  of  the  tank  and 
the  sheathing  boards,  which  enables  the  tank  to  be 
entered. 

The  inlet  pipe  is  usually  provided  with  a  stuffing- 
box  to  prevent  any  excessive  stress  coming  on  the 
pipe  itself. 

467.  Relative  Cost  of  Stand-pipes  and  Elevated  Tanks.— When  the  great  saving  in 
the  foundation  is  taken  into  account,  the  elevated  steel  tank  will,  in  nearly  all  cases,  cost  less 
than  a  stand-pipe  of  the  same  efficiency,  and  it  is  usually  more  ornamental,  or  at  le.ist  less 
offensive.  The  foundation  of  a  stand-pipe  will  cost  about  four  times  that  of  an  elevated  tank 
■)f  equal  capacity  for  service.     If  we  may  say  that  only  the  water  above  the  height  of  75  feet 


Fig.  434. 
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from  the  ground  is  valuable  to  the  city,  then  an  elevated  tank  should  always  be  built  in  place 
of  a  stand-pipe.  When  large  quantities  of  water  are  to  be  stored  above  the  height  of  fifty 
feet,  then  the  elevated  tank  is  more  economical  for  equal  quantities,  and  the  greater  the 
height  at  which  the  storage  is  required  the  greater  is  the  economy  in  the  tank  design.  The 
great  objection  to  the  use  of  tanks  has  been  in  the  flat  floors  with  which  they  have  usually 
been  provided.  That  objection  is  now  removed  by  the  designs  for  curved  bottoms  here  pre- 
—  ■  sented.    Even  conical  bottoms 

may   be  used,*  but    they  are  . 
not  so  scientific  or  so  pleasing 
in  appearance  as  the  spherical 
forms.     See  Fig.  434^. 

An  elevated  tank  should 
be  carefully  designed  by  a 
competent  engineer,  and  work- 
ing drawings  prepared.  When 
so  designed  its  safety  is  more 
secure  than  is  possible  in  the 
case  of  a  stand-pipe.  A  large 
proportion  of  the  stand-pipes 
in  this  country  have  been  de- 
signed by  contractors  and  sales 
agents,  and  the  legitimate  re- 
sults of  sucli  designing  arc  be- 
ing reached  in  the  many  fail- 
ures of  such  structures  which 
are  now  occurring, 

468.  Specificatioa  for 
Plate  Material  for  Stand- 
pipes  and  Elevated  Tanks. 
— The  following  clause,  or  its 
equivalent,  should  be  inserted 
in  ail  stand-pipe  or  elevated- 
tank  specifications: 

The  material  composing  the 
plates  for  the  sides  and  bottom 
shall  be  soft  steel  (preferably  open- 
hearth;  haviiifr  a  tensile  stre:igtli 
between  55,000  and  64,000  lbs.  |)er 
square  inch  ;  an  elongation  in  eight 
inches  of  not  less  than  twenty  per 
cent,  and  :i  reduction  of  area  at  Ihe 
broken  section  of  not  less  timn 
f'jrty  per  cent.  Specimens  of  any 
pbte  having  a  width  not  less  than 
four  times  the  thickness,  when 
FlO.  434a-— Watbr-tower  at  Ames.  Iowa.  heated      to      a     cherry-red      and 

EitrenH  hdKbt,  ■»  /«t.    Capacity.  i6,.«»,  gallons.    De.ignrd  by  Prof.  A.  Marsion.  quenched  in  water,  shilll  bend  COld 

through  180*  about  a  diameter  equal  to  its  thickness,  without  showing  any  signs  of  failure  whatever. 

This  material  is  known  amongst  the  dealers  as  "shell  steel,"  and  since  it   costs  perhaps 

a  quarter  of  a  cent  a  pound  more  than  "  tank  steel,"  which  is  made  by  the  Bessemer  process 

and   is  liable  to  be  very  hard  and  brittle,  the  contractor  is  pretty  sure  to  use  the  che.iper 

grade  if  special  care  is  not  taken  to  inspect  the  material  and  prove  its  character  by  actual  tests. 

•§ee  a  design  by  Mr.  FtMDiaii  C.  Coffin.  C.E..  EHgiiLxrhis  AVu-i,  Mar,  (6,  iB.jj. 
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CHAPTER  XXVIII. 
IRON  AND  STEEL  TALL  BUILDING  CONSTRUCTION. 

469.  Modern  Building  Construction.-- The  use  of  metal  in  the  construction  of  large 
buildings  has  increased  very  rapidly  in  the  last  few  years,  until  now  the  demand  for  structural 
steel  for  this  purpose  is  a  very  considerable  fraction  of  the  whole  output.  A  discussion  of  steel 
buildings  or  of  steel  construction  in  buildings  becomes  therefore  iticreasingly  important.  It 
perhaps  need  hardly  be  said  that  an  intelligent  use  of  iron  and  steel  in  this  field  requires  also 
a  considerable  knowledge  of  architecture,  and  more  especially  of  the  character  of  other  building 
materials  and  of  methods  of  using  them.  In  general  the  same  principles  apply  in  this  use  of 
metal  that  apply  in  all  other  framed  structures,  but  certain  problems  present  themselves  with 
much  greater  frequency  and  in  vastly  greater  variety  in  building  construction.  It  is  the  pur- 
pose of  this  chapter  to  discuss  some  of  these,  giving  a  few  illustrations  and  suggestions  that 
may  assist  the  inexperienced  to  do  intelligent  work  in  this  department. 

The  use  of  steel  to  so  great  an  extent  in  large  buildings  is  producing  a  new  type  of  con- 
struction,  which  has  been  very  aptly  termed  the  "steel  skeleton  type  of  high  buildings."  The 
structural  steel  is  used  to  make  the  frame  of  the  building,  and  this  frame  should  be  strong 
enough  to  carry  the  loads  and  provide  rigidity  and  lateral  strength  to  the  structure.  The  con- 
struction is  typical  in  just  the  proportion  that  this  is  done  and  that  the  steel  frame  is  relied  on 
for  strength.  Several  buildings  have  been  constructed  which  are  of  this  pure  type.  They  have 
no  supporting  walls  about  them  anywhere ;  the  outside  covering,  of  whatever  material  it  may 
be — brick  or  terra  cotta  or  stone — and  all  the  interior  partition  walls,  are  carried  on  beams 
at  each  floor  level  and  are  self-supporting  only  one  story  in  height ;  while  all  the  weight  of 
the  building  is  carried  on  columns,  arranged  entirely  apart  from  each  other,  but  conveniently 
for  the  purpose. 

Between  this  pure  type  of  structure  and  the  old  construction,  in  which  all  the  strength  of 
a  building  was  in  its  heavy  masonry  walls,  there  is  every  degree  of  the  mixture  of  the  two. 
Even  some  of  the  sixteen-story  buildings  of  latest  date  have  solid  exterior  walls  of  masonry, 
while  the  inside  is  steel  construction.  Oftentimes  the  necessities  of  adjoihing  buildings  or 
the  prejudices  of  owners  require  solid  masonry  party  walls  in  what  would  be  otherwise  a  steel 
structure  of  the  purest  type ;  but  the  same  considerations  govern  the  designing  of  the  steel 
work  in  either  case,  and  the  use  of  the  supporting  walls  only  increases  the  variety  of  the 
problems  to  be  solved.  This  characteristic  feature  of  steel  construction,  that  all  loads,  exterior 
and  interior  walls,  floors,  and  partitions,  are  carried  at  each  floor  level  by  the  frame  and  so 
taken  into  the  columns,  makes  it  necessary  to  calculate  the  weight  of  every  part  of  the  building 
and  determine  the  proper  dirstribution  of  all  the  loads  among  the  columns.  The  columns  are 
the  most  important  element  in  the  problem,  and  their  sizes  and  sections  must  depend  on  these 
results.  The  foundations  of  the  building  may  also  depend  on  these  loads,  and  especially  so 
if  the  structure  is  to  be  carried  on  a.  yielding  soil  where  the  area  of  the  footings  must  be 
proportioned  to  them.  If  the  foundations  are  on  solid  rock  or  something  equally  as  good, 
it  may  be  sufficient  that  the  columns  simply  reach  their  resting-place.  The  exact  load  on 
3ach  bottom  column  is  more  important  where  piles  are  used  to  carry  them,  but  it  is  most  im 
oortant  of  all  when  recourse  must  be  had  to  a  broad  bearing  on  a  compressible  soil. 
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470.  The  Work  of  Designing  should  proceed  somewhat  as  follows:  (i)  Arrangement 
of  columns  ;  (2)  Arrangement  of  beams ;  (3)  Calculation  of  loads  on  columns ;  (4)  Dimensions 
of  foundations ;  (5)  Design  of  spandrel  sections ;  (6)  Calculation  of  the  sizes  of  all  floor-beams 
not  already  fixed ;  (7)  Dimensions  of  the  columns ;  (8)  Wind  bracing ;  (9)  General  details  of 
connections. 

This  amount  of  work,  with  the  drawings  to  represent  it  and  specifications  to  cover  it,  are 
generally  done  at  the  expense  of  the  architect,  in  his  own  office  or  by  some  consulting 
engineer.  Each  piece  of  iron  in  the  structure  should  finally  be  drawn  in  complete  detail, 
making  what  is  known  as  a  ''shop  drawing,"  and  this  work  is  generally  done  at  the  expense  of 
the  contractor  subject  to  the  approval  of  the  architect  or  of  the  consulting  engineer. 

471.  Arrangement  of  Columns. — The  arrangement  of  the  columns  in  a  building  depends 
first  of  all  upon  the  plan  and  character  of  the  structure.  In  most  cases  there  will  be  certain 
points  at  which  columns  must  be  placed  on  account  of  the  shape  of  the  building,  the  interior 
arrangement  of  its  roomS,  its  staircases,  or  its  elevators,  and  regardless  of  constructional 
advantages  or  disadvantages.  In  planning  the  architectural  features  of  a  building,  however, 
the  construction  ought  to  be  kept  constantly  in  mind  and  not  made  too  subordinate,  for  the 
cost  may  be  kept  down  and  the  strength  and  general  good  character  of  the  framework  may 
sometimes  be  greatly  increased  by  very  slight  changes  in  construction,  to  permit  which 
architectural  features  can  be  varied  without  detriment  to  the  structure.  A  general  scheme  for 
the  arrangement  of  the  beams  in  the  floors  must  also  be  borne  in  mind  when  the  positions  of 
the  columns  are  fixed.  The  scheme  should  always  be  such  that  the  floor  loads  will  be  taken 
as  directly  to  the  columns  as  possible.  Very  few  rules  will  apply  to  all  cases.  Everything 
must  vary  with  the  necessities  of  the  case.  Even  economy  is  often  sacrificed  to  other  con- 
siderations. If  the  building  is  a  very  high  one,  the  bracing  of  the  structure  should  also  be 
considered  at  this  time,  for  some  of  the  columns  must  become  a  part  of  whatever  system  may 
be  used.  There  is  perhaps  no  part  of  the  work  of  designing  a  building  that  is  generally  as 
little  studied  and  yet  on  which  so  much  depends  regarding  economy  and  strength  and  the 
general  character  of  the  work,  as  this  one  in  particular,  and  none  in  which  a  large  experience  and 
a  trained  judgment  count  for  more.  The  more  completely  the  whole  problem  can  be  sized 
up  in  one  full  consideration  of  it,  the  more  satisfactorily  can  the  designer  arrange  his  columns 
and  at  the  same  time  plan  in  a  general  way  the  entire  framework  of  the  structure. 

472.  Arrangement  of  Beams. — As  soon  as  the  position  of  the  columns  is  determined, 
the  position  of  all  the  beams  in  the  floors  should  be  fixed  as  exactly  as  possible.  To  do  this 
it  will  be  necessary  to  calculate  the  size  of  the  principal  ones — ^that  is,  those  doing  the  most 
important  service. 

In  building  lore  the  word  "  girder  "  has  come  to  mean  a  beam,  either  solid,  rolled,  or  built 
up  of  plates  and  angles  riveted  together,  which  is  used  to  support  joists,  and  the  word  "  beam  *' 
is  used  to  signify  a  joist.  A  "  riveted  girder "  means  a  girder  made  of  plates  and  angles 
A  "girder  beam"  means  a  girder  made  of  a  solid  rolled  beam.  A  "spandrel  beam  "  is  a 
common  term  for  a  beam  carrying  a  portion  of  the  exterior  wall  of  a  building.  A  "  double 
girder  "  signifies  the  use  of  two  rolled  beams  in  a  girder.  These  expressions  will  be  used  with 
these  meanings. 

It  is  not  necessary  at  this  time  to  calculate  the  size  of  the  smaller  or  unimportant  beams, 
because  the  exact  arrangement  of  the  beams  is  needed  at  this  juncture  only  to  determine  the 
true  distribution  of  the  floor  load  on  the  columns.  The  fewer  connections  between  a  load  and 
the  column  which  carries  it,  the  better  the  construction  ;  therefore  the  girders  should  always 
connect  the  columns,  if  possible,  and  multiplicity  of  details  in  arrangement  should  be  avoided. 
The  arrangement  of  elevators  and  stairways  and  pipe  spaces  in  large  office  buildings,  and 
sometimes  of  the  machinery,  makes  it  impossible  to  get  the  ideal  plan;  but  a  studied  effort 
in  the  right  direction  will  often  greatly  simplify  what  at  first  seemed  a  necessarily  complicated 
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design.  The  arrangement  of  the  beams  may  be  varied  to  some  extent  with  the  method 
of  fire-proofing  to  be  employed ;  so  it  is  important  to  have  a  plan  for  the  completion  of  the 
floor  also  in  mind  at  this  time.  There  are  a  good  many  schemes  for  fire-proof  floors,  but  not 
very  many  in  actual  service.  In  many  large  buildings  the  floor  framing  is  made  regardless  of 
the  arrangement  of  partitions,  in  order  that  these  may  be  arranged  and  rearranged  from  time 
to  time  to  suit  the  taste  of  those  who  use  the  rooms,  but  in  some  buildings  built  for  special 
uses  few  partitions  are  required,  and  in  such  cases,  or  where  partitions  are  to  be  particularly 
heavy,  it  is  best  to  arrange  the  framing  so.  that  a  beam  or  girder  will  come  directly  under  the 
load. 

In  most  large  buildings  the  framing  of  many  of  the  floors  will  be  the  same.  A  drawing 
should  be  made  of  this  typical  floor,  and  also  drawings  of  those  that  differ  from  it ;  they  should 
be  made  as  simple  as  possible.  A  small  square  or  a  circle  is  enough  to  show  the  position  of 
the  columns,  and  a  single  line  is  enough  to  show  the  position  of  the  beams.  Architectural 
draughtsmen  depend  much  on  reference  to  scale  to  get  sizes  and  dimensions  from 
their  drawings.  All  drawings  of  metal  construction  should  preferably  be  made  to  a 
scale;  dependence  should  be  placed  however,  entirely  on  figured  dimensions,  and  all 
figures  should  be  exact.  There  can  be  no  approximations  in  iron-work.  .  The  distance 
between  the  centres  of  two  beams  is  not  about  5  feet,  it  is  exactly  5  feet  2|  inches,  and  this 
exactness  should  be  exercised  on  all  iron  drawings.  These  plans  should  show  the  building 
lines,  the  centre  lines  of  all  columns  and  their  relations  to  the  centre  lines  of  all  beams  and 
girders.  When  this  is  done  and  the  general  construction  of  the  building  is  determined,  then 
can  begin  the  actual  work  of  calculating  the  loads  on  the  columns. 

473.  Economy  of  Wide  Spacing  of  Floor-beams. — In  carrying  the  floor  loads  to 
the  columns,  which  must  always  be  done  by  the  action  of  beams  in  some  form,  it  is  an  evident 
economy  to  allow  the  floor  material,  whether  composed  of  tile,  concrete,  or  plank,  to  carry  the 
distributed  load  as  far  as  it  can  do  so  with  safety.  A  stronger  floor  system  can  therefore  be 
used  with  wider  spacing  between  floor-beams.  Since  the  strength  of  these  beams  increases  in 
a  general  way  with  the  square  of  their  depth,  it  would  be  economical  to  place  them  farther 
apart,  thus  increasing  the  load  on  each  beam,  and  using  a  greater  depth.  Since  these  beams 
are  carried  at  their  ends  by  girders  resting  on  the  columns,  it  is  desirable  also  to  so  arrange 
them  that  the  bending  moment  on  these  girders  will  be  the  least.  This  requires  that  there 
be  an  odd  number  'of  panels,  or  spaces  between  beams,  on  each  girder.  This  brings  two 
beams  symmetrically  on  the  middle  portion,  between  which  the  bending  moment  is  constant. 

Example. — Take  a  floor  space  20  x  24  feet,  to  be  carried  on  columns  at  the  corners.  Assume  two 
arrangements  of  beams :  First,  seven  beams  (six  panels)  20  feet  long,  resting  on  a  plate  girder  24  feet  long. 
Second,  four*beams  (three  panels),  supported  in  the  same  manner.  In  the  one  case  the  beams  are  4  feet 
apart,  and  in  the  other  case  they  are  8  feet  apart.*  Assume  a  total  unit  loading,  dead  and  live,  of  180  lbs. 
per  square  foot. 

First  Case, 

The  bending  moment  on  the  beams  (counting  one  outside  beam,  and  one  of  the  girders,  each  fully 

loaded    as    though   other  similar    areas   of    floor    space  surrounded    this  one  on    all    sides)  would    be 

4  X  180  X  20  X  20 

=  36,000  ft.-lbs.     This  would  take  a  ten-inch  beam  weighing  27.75  lbs.  per  foot  for  a 

o 

fibre  stress  of  16,000  lbs.  per  square  inch. 

The  bending  moment  on  the  girder  would  be  259,200  ft.-lbs.  If  it  have  a  total  depth  of  30  inches,  with 
three  eighths  web  and  4  x  4  x  f"  angles,  the  fibre  stress  will  be  again  16,000  lbs.  per  square  inch,  one 
sixth  of  the  area  of  the  web  being  added  to  the  effective  area  of  the  angles  to  give  total  flange  area.  The 
weight  of  this  beam  would  be  ^%  lbs.  per  foot,  or  1872  ibs.  for  the  24-foot  girder.  Counting  six  beams  and 
one  girder  as  belonging  to  this  elementary  area,  we  have  a  total  weight  of  5200  lbs. 

Jf  two  rolled  beams  be  used  in  place  of  the  plate  girder,  it  would  require  15-inch  beams  weighing  72  lbs. 


*  A  concrete  arch  will  readily  span  8  feet. 
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per  foot,  01  3456  lbs.  for  the  two  lieams  to  act  as  one  girder.    When  these  are  used  the  total  weight  of  iron 
to  carry  this  area  with  four-foot  spacing  of  beams  would  be  6790  lbs. 

Second  Case, 

Here  the  beams  are  placed  8  feet  apart.  The  bending  moment  in  each  beam  would  be  72,000  lbs.,  re- 
quiring a  15-inch  beam  weighing  41  lbs.  per  foot  for  a  fibre  stress  of  16,000  lbs.  per  square  inch. 

There  are-  now  but  two  beams  upon  the  girders,  giving  a  bending  moment  of  230,400  ft. -lbs.,  which 
would  require  a  plate  girder  30  inches  deep,  f-inch  web,  and  4''  x  3i"  x  f '  angles,  the  whole  weighing  74 
lbs.  per  foot,  or  1776  lbs.  for  the  girder. 

If  two  I  beams  were  used,  as  before,  it  would  require  15-inch  beams  weighing  60.5  lbs.  per  foot,  or 
2904  lbs.  for  the  two  beams  composing  the  q;irder. 

In  this  case,  therefore,  we  have  three  beams  weighing  2460  lbs.,  which  with  the  plate  girder  make  a 
total  of  4236  lbs.,  or  with  the  double  girder  5364  lbs. 

Thus  when  the  30-inch  plate  girders  are  used,  the  weight  of  iron  for  the  4- foot  spacing  is  5200  lbs.,  as 
against  4236  lbs.  for  the  8-foot  spacing,  or  a  saving  of  18.5  per  cent  of  the  iron  used  in  the  floor  system  with 
4-foot  spacing. 

When  the  double  15-inch  girders  are  used,  we  have  a  total  weight  of  6790  lbs.  for  the  4-foot  spacing,  as 
against  5364  lbs.  for  the  8-foot  spacing,  or  a  saving  of  21  per  cent  of  the  iron  in  the  floor  system  for  the 
4-foot  spacing.  These  are  the  percentages  of  saving  made  by  using  8-foot  instead  of  4- foot  spacing.  Tlfe 
weights  of  I  beams  have  been  taken  exactly  those  required  for  the  given  bending  moments  in  all  cases,  as  this 
is  necessary  to  obtain  a  fair  comparison  of  weights  from  a  single  example. 

If  the  flooring  for  the  8-foot  spacing  is  more  expensive  than  that  for  4  feet,  an  allowance  can  be  made 
for  this  and  the  final  net  saving,  due  to  the  wider  spacing,  computed. 

474.  Calculation  of  Column  Loads. — The  column  loads  should  be  divided  into  two 
classes,  dead  loads  and  live  loads.  The  actual  permanent  weight  of  the  structure  itself  makes 
the  dead  load  ;  and  the  estimated  weight  of  the  people  that  will  at  any  time  enter  the  build- 
ing* together  with  furniture,  movables,  stocks  of  goods,  etc.,  make  the  live  load.  If  machinery 
is  permanently  fixed,  it  should  be  counted  as  dead  load ;  if  it  is  movable,  it  is  usually  rated  as 
live  load. 

Dead  loads  may  generally  be  divided  as  follows: 

Weight  of    (i)  Floors  ; 

(2)  Partitions; 

(3)  Vaults  ; 

(4)  Metal  Columns ; 

(5)  Column  Coverings; 

(6)  Exterior  Walls ; 

(7)  Windows; 

(8)  Elevators; 

(9)  Permanent  Machinery ; 

(10)  Water  Tanks; 

(11)  Plumbing  and  Heating  Fixtures. 

The  weight  of  floors  is  usually  reckoned  by  the  square  foot.  The  number  of  feet  sup* 
ported  by  eagh  column  should  be  determined,  and  this  amount  multiplied  by  the  weight  per 
foot  gives  the  desired  figure.  The  accuracy  of  the  work  depends  very  greatly  upon  this 
distribution  of  supported  areas.  If  the  floor  plan  is  extremely  simple,  this  may  be  done  very 
easily  and  sometimes  by  simple  observation,  but  in  most  plans  there  is  somewhere  a  com- 
plication or  irregularity,  and  the  safest  way  is  to  figure  the  areas  directly  on  a  copy  of  the  floor 
plans.  There  are  several  ways  in  which  this  can  be  done.  The  whole  area  may  be  divided 
into  rectangles  cornering  at  the  columns.  Each  of  these  rectangles  can  then  be  subdivided 
and  the  number  of  square  feet  in  each  part  can  be  noted  on  the  drawing  next  the  column  to 
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which  that  particular  part  is  tributary.  It  may  be  done  also  by  computing  the  area  carried  by 
each  individual  beam,  then  the  exact  reactions  of  both  the  beams  and  the  girders,  keeping  all 
the  results  in  square  feet.  Either  of  these  or  other  methods  may  require  considerable  figur 
ing  where  the  floor  plan  is  very  irregular,  but  the  results  can  be  made  always  definite  and 
accurate.     Supported  column  areas  should  never  be  estimated  or  guessed  at. 

The  weight  of  the  floor  per  square  foot  also  should  be  determined  as  closely  as  possible 
Practice  differs  considerably  in  different  cities,  and  somewhat  among  different  architects  in  the 
same  city.  The  most  approved  floor  in  Chicago,  where  this  construction  has  perhaps  reached 
its  greatest  development,  is  shown  in  Fig.  435. 


Fio.  435. 

In  this  construction  the  floor  weight  is  made  up  of  the  following  items:  Iron,  tile  arch, 
concrete  filling,  plastering,  and  wood  floor.  The  iron  consists  of  the  beams,  tie-rods,  girders, 
connections,  etc.,  which  may  be  averaged  per  square  foot.  In  ordinary  floors  it  will  be  from  8 
to  12  pounds.  It  may  be  easily  figured  from  the  floor  plans  so  that  it  will  not  vary  more  than 
a  fraction  of  a  pound.  The  depth  of  the  concrete  should  be  known,  also  the  weight  of  it.  A 
concrete  nftde  of  cinders  and  lime  and  a  small  amount  of  cement  is  one  of  the  lightest  and 
best  for  this  purpose.  Such  a  concrete  weighs  about  72  lbs.  per  cubic  foot.  Partitions  should 
be  of  some  entirely  fire-proof  material,  light  and  easy  to  put  in  place.  Partitions  in  office 
buildings,  hotels,  etc.,  should  be  built  after  the  floor  is  laid  and  at  least  the  first  coat  of  plaster 
is  on.  Then  they  can  be  taken  down  and  rebuilt  in  other  places  without  leaving  any  per- 
manent marks  of  the  change.  Where  they  are  built  in  this  way,  it  is  best  to  calculate  the 
entire  weight  of  the  partitions  on  a  floor  and  find  the  average  per  square  foot.  In  such  cases 
this  average  can  be  included  in  the  floor  load.  In  most  buildings  it  will  not  be  greatly  in 
error.  If  the  partitions  are  sure  to  be  permanent  and  the  location  is  already  fixed,  a  separate 
distribution  of  their  weight  is  of  course  possible  and  preferable.  The  thickness  of  the  plaster 
may  be  kept  quite  uniform  by  making  it  true  to  the  woodwork  about  the  doors,  and  the 
weight  of  the  partition  stuff,  together  with  the  weight  of  the  plaster,  will  make  up  the  whole 
weight  of  the  partition.  Doors  can  be  calculated,  or  sample  ones  can  be  actually  weighed  and 
averaged.  The  common  vaults  in  ofliice  buildings  are  only  very  small  rooms  with  iron  doors 
and  combination  locks.  In  such  cases  their  weight  may  be  lumped  with  that  of  the  partitions. 
Bank  vaults  are  made  of  solid  brick  walls  steel  lined,  and  they  must  have  special  treatment. 
The  weight  of  the  column  itself  will  have  to  be  estimated  to  some  extent,  but  experience  can 
make  a  very  accurate  estimate  possible.  The  column  covering  consists  of  the  fire-proofing, 
generally  some  kind  of  tile,  and  the  finish,  which  is  usually  plaster,  but  sometimes  marble  or 
other  material.  The  calculation  of  the  weight  of  the  exterior  walls  involves  additional 
problems  in  reactions.  The  "  curtain  wall "  is  that  part  of  the  exterior  wall  extending  from 
the  line  of  the  window  cap  of  one  story  to  the  line  of  the  window  sill  of  the  next  story  above. 
This  part  of  the  wall  is  an  evenly  distributed  load  on  the  spandrel  beam,  while  the  rest  of  it  is 
cut  up  into  separate  concentrated  loads  which  may  or  may  not  be  symmetrical  about  column 
centres.  Exterior  walls  are  made  of  brick,  terra  cotta,  stone,  tile,  metal,  or  combinations  of 
these  materials.  The  only  way  to  find  the  correct  weight,  of  course,  is  to  know  exactly  what 
is  to  be  used  and  just  how,  so  that  cubic  contents  can  be  figured.  The  floor  construction 
sometimes  projects  into  the  curtain  walls.     In  such  cases  care  must  be  used  to  insure  that 
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this  portion  of  floor  is  not  put  in  as  part  of  the  wall.  The  weight  of  windows  must  be  doubled 
to  allow  for  counter-weights.  All  the  other  dead  loads  are  single,  and  most  of  them  occur 
only  on  special  floors. 

The  live  loads  used  in  buildings  vary  from  almost  nothing  to  300  or  400  lbs.  per  square 
foot.  The  beams  should  be  calculated  to  carry  the  whole  of  the  unit  taken,  but  in  many  cases 
it  is  wise  to  reduce  the  rate  in  figuring  the  girders  and  the  loads  on  the  columns.  The  live  load 
taken  on  columns  in  office  buildings  vary  from  20  to  50  lbs.  per  square  foot  of  floor ;  sleeping- 
rooms  in  hotels  do  not  require  more  than  10  to  20  lbs.,  while  60  to  80  lbs.  per  square  foot 
ought  to  be  allowed  for  floors  where  people  may  assemble  in  crowds,  and  warehouses  some- 
times require  very  much  more.  This,  of  course,  is  in  addition  to  the  dead  loads.  These 
loads  must  be  figured  for  every  floor,  and  tabulated  so  that  the  accumulated  load  can  be  de- 
termined for  any  particular  column  in  any  particular  story.  When  the  work  is  completed, 
the  column  loads  are  not  only  at  hand,  but  the  loads  on  the  foundations  can  also  be  easily 
determined  from  the  schedule. 

475.  Dimensions  of  the  Foundations. — A  general  discussion  of  foundations  is  not  here 
intended,  but  steel  has  been  used  so  much  in  foundations  that  bear  on  a  yielding  strata,  that 
such  foundations  seem  almost  a  part  of  the  steel  construction  of  buildings.  Most  of  the  great 
buildings  in  Chicago  have  foundations  resting  on  soft  clay.  In  order  to  secure  an  equal  settle- 
ment in  those  buildings,  it  is  generally  advisable  to  omit  the  live  (temporary)  load  entirely, 
-ind  then  the  basement  column  load  minus  the  live  load  and  plus  the  weight  of  the  founda- 
tion itself  will  equal  the  permanent  load  on  the  clay. 

Figs.  436  and  437  show  a  plan  and  section  of  such  a  foundation.  The  area  covered  is 
a\ways  in  proportion,  or  should  be,  to  this  load  on  the  clay.  The  following  fornMila  may  be 
found  useful  in  calculating  the  beams. 

Let  y  =  the  width  of  the  projecting  area ; 
P  =  total  load  on  the  top, 

=  total  reaction  at  the  bottom ; 
a  =  the  length  of  distribution  of  the  load  at  the  top ; 
.J/=  maximum  bending  moment. 

The  use  of  a  cast  base  under  a  column  as  shown  in  Fig.  436  has  several  advantages  and 
is  generally  economical.  These  bases  are  made  strong  enough  to  carry  the  entire  load  on 
their  perimeters,  and  in  such  cases  the  maximum  bending  moment  in  the  beams  comes  at  the 
edge  of  the  base-plate.     The  length  of  the  beam  =  2^^  +  ^»  ^"^  ^^e  total  reaction  of  the  pro- 

Py 

jecting  area  =  — -£— ,  and  this  multiplied  by  one  half  the  width  of  the  projecting  area  is  the 
bending  moment  at  the  edge  of  the  plate  or 

^=i(i^- (') 

Either  M  or  y  may  be  the  unknown  quantity. 

In  the  case  shown  in  Figs.  436  and  437,  in  the  top  course 

P=  1,233,270  lbs.; 
«  =  4'  6"  ; 
y^G  4i" ; 

and  these  introduced  into  the  formula  make  M  =  1,452,760  ft.-lbs. 
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If  the  base-plate  is  only  strong  enough  to  uniformly  distribute  the  load  over  the  area  a, 
the  maximum  bending  moment  in  the  beams  is  at  the  centre,  and  then  if  /=  the  length  of 
the  beam, 

^=f(/-«) ".  .  (2) 

It  will  be  seen  by  computation  and  comparison  that  this  condition  will  increase  the  weight 
of  metal  required  in  the  top  layer  in  the  example  given  about  35  per  cent. 

The  Moment  of  Resistance,  M^ ,  in  foot-pounds,  for  any  given  beam  may  be  obtained  as 
follows : 


Let/=  ultimate  allowable  fibre  strain  per  square  inch; 
/=  moment  of  inertia,  in  inch  units  ; 
y  =  one  half  the  depth  of  the  beam  in  inches. 
Then  from  Eq.  (i),  Art.  121, 


M.^ 


fl 
127, 


{2d) 


The  value  of  /  for  any  beam  is  always  given  by  the  manufacturer  of  it  in  some  published 
book  or  list.  The  fibre  stress,  /,  for  foundation  work  is  usually  taken  at  20,000  lbs.  per  square 
inch.  Steel  rails  are  sometimes  used  instead  of  beams,  but  are  not  often  stressed  as  high. 
Sometimes  these  foundations  are  more  than  two  layers  of  steel  deep.  Theoretically  the  sum 
of  the  moments  of  resistance  of  all  the  beams  in  one  direction  should  equal  the  bending 
moment  as  given  in  eq.  (i),  irrespective  of  the  number  of  layers.  In  practice,  however,  where 
there  are  more  than  two  layers,  so  much  steel  is  hardly  needed.  The  beams  are  always  bedded 
completely  in  Portland-cement  concrete,  and  the  friction  of  the  beams  on  the  cross-layers, 
together  with  the  adhesion  of  cement  and  iron,  tend  to  unite  the  whole  into  a  sort  of  com- 
pound beam,  the  total  moment  of  resistance  of  which  is  much  greater  than  the  sum  of  the 
moments  of  the  separate  beams. 

Two  or  more  of  these  footings  are  often  combined  into  a  single  one  where  the  area  can 
only  be  obtained  in  that  way,  or  for  other  reasons.  Fig.  438  shows  an  elevation  sketch  of  such 
a  combined  footing.  The  centre  of  gravity  of  such  areas  should  coincide  with  the  centre  of 
gravity  of  the  loads. 
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To  find  the  maximum  bending  moment  on  the  long  beams  we  are  obliged  to  compute 
three  moments  and  compare  them.  In  Chapter  VIII  it  was  shown  that  the  bending  moment 
is  a  maximum  where  the  shear  is  zero.  In  this  case  there  are  three  such  sections,  and  it  will 
be  necessary  to  compute  the  moment  at  each  one  to  find  which  is  the  greatest.  The  moments 
under  the  columns  will  be  positive,  causing  convexity  downwards,  while  that  at  the  centre  is 
negative. 


438, 
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To  find  the  distance  from  the  left  end  to  the  centre  of  gravity  of  the  loads,  we  have,  Fig. 

j,^Pd±P\d+b) 


If  the  area  is  rectangular,  this  gives  the  centre  of  it.     If  it  is  trapezoidal,  its  centre  of  gravity 

must  be  at  this  point. 

P  P'  P  I  P' 

If  ^  r=  -,  /'  =  — ,  and/''  =  —^. — ,  as  in  Fig.  438,  then  to  find  the  distance  from  the  left 
CL  a  If 

end  of  the  bottom  beams  to  the  sections  where  the  shear  is  zero,  these  distances  being  called 

</,,</,,  arid  </,  respectively,  we  have 

d^f''  =  (d,-m)p,    or  d,=j^\ (4) 

d^if'^P,    or    ^.=^; (5) 

^./'  =  ^+W-(»'  +  «  +  «)]/.    or  ^.  =  ^'"+^+y~^.   ....    (6) 

The  bending  moments  at  these  points  are  readily  found  by  taking  the  moments  of  the  external 
forces  on  one  side  of  the  point  about  that  point.  Thus  the  bending  moment  at  the  first  max- 
imum point  is 

^^^/_^._M^^ ^^^ 

M.^p[d-%, (8) 

j^^=,/^.'_y(^,_^)_/K-«>-*-«)- (g) 

In  general  M^  will  be  small,  except  where  P  and  P  are  near  the  ends  of  the  beams,  and 
the  maximum  moment  will  usually  be  either  M^  or  M^ ,  whichever  is  the  heavier  load. 

if  the  cast  bases  are  strong  enough  to  carry  the  loads  on  their  perimeters,  and  the  long 
beams  are  in  the  top  course,  the  values  of  M^  and  M^  may  be  reduced;  M^^  however,  would 
not  be  changed. 

The  problems  of  this  class  are  sometimes  exceedingly  complex,  as  when  foundations  can- 
y  not  extend  beyond  the  lot  line,  or  when  a  sewer  or  other  obstruction  is  encountered,  and  the 

study  of  economy  in  designing  offers  a  wide  field  of  investigation  along  this  line.     Sometimes  ' 
it  happens  that  the  clay  loads  are  so  great  and  the  limits  so  narrow  that  it  is  impossible  to  find 
area  enough  without  overloading  the  clay.    In  such  cases  either  the  dead  load  of  the  building 
must  be  lightened  or  the  columns  must  be  rearranged.      In  either  case  much  of  the  work 
already  done  must  be  done  again. 

476.  Design  of  Spandrel  Sections. — The  term  "spandrel  section"  commonly  means  a  ver- 
tical cross-section  through  the  exterior  wall  of  a  building,  showing  the  construction  between  the 
top  of  one  window  and  the  bottom  of  the  next  one  above  it.  In  most  cases  the  spandrel  beam 
must  carry  the  floor  and  support  the  wall.  In  order  to  intelligently  design  the  iron  in 
a  spandrel  section,  it  is  quite  necessary  to  have  the  floor  plan  already  arranged,  and  to  know 
.  exactly  how  the  wall  is  to  be  built.  The  architectural  work  proper  must  be  practically  fin- 
ished. Cornice  lines,  reveals,  projections,  the  dimensions  of  terra  cotta  or  stone  trimmings, 
the  relative  heights  of  window  a;aps  and  floor  lines,  the  exact  position  of  the  wall  lines  in  the 
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rooms  both  above  and  below,  and  in  fact  all  the  exact  data  pertaining  to  the  construction,  are 
needed  to  design  the  iron  in  the  best  possible  manner.  The  iron  must  not  only  not  be  exposed 
anywhere,  but  it  should  be  far  enough  from  the  lines  of  exposure  on  all  sides  to  be  thoroughly 
fire-proof.  No  part  of  a  building  is  more  exposed  to  a  great  heat  in  case  of  fire  than  this,  for 
window  openings  become  draft-holes,  through  which  the  flames  can  play  with  greatest  fury. 
The  iron  must  also  not  only  be  strong  enough  to  carry  the  load,  but  it  must  be  so  arranged 
that  both  the  wall  and  the  floor  shall  be  fully  supported. 

If  the  floor  arch  rests  directly  on  the  spandrel,  either  the  bottom  flange  of  the  beam  must 
be  on  the  same  level  as  the  floor-beams,  or  an  angle  must  be  riveted  to  the  web  of  the  beam, 
as  shown  in  Figs.  439  and  440.  When  the  spandrel  beam  serves  as  a  girder,  it  can  be  placed 
as  high  or  as  low  as  desired.    This  is  illustrated  in  Figs.  441  and  442.    Terra  cotta  is  used  to  a 


-^ 


Fig.  441, 


very  great  extent  outside  as  a  finishing  material  in  this  type  of  construction.  It  is  used  for  the 
entire  outside  finish,  or  it  is  used  for  window  caps  and  sills  and  in  various  other  ways  in  con- 
nection with  pressed  brick.  The  proper  idea  is  to  get  the  iron  as  well  under  the  terra  cotta  as 
possible,  and  where  that  cannot  be  done,  to  arrange  the  iron  so  that  the  bottom  course  in  each 
spandrel  can  be  readily  suspended.  Fig.  439  shows  such  construction.  The  terra-cotta  blocks 
making  the  window  cap  are  drawn  into  position  close  against  the  iron-work  with  hook  bolts, 
so  that  each  has  its  own  support.  The  next  pie;e  is  anchored  with  slight  iron  rods  in  position 
with  one  edge  resting  on  the  horizontal  flange  of  an  angle,  so  that  none  of  its  weight  comes  on 
the  suspended  blocks.  Fig.  440  shows  another  construction  where  the  reveal  is  less  and  the 
window  cap  is  notched  so  as  to  ride  directly  on  the  flange  of  the  Z  bar.  Care  should  be 
exercised  in  all  cases  to  make  the  connections  in  some  way  that  will  prevent  these  angles  and 
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Z  bars,  or  any  other  iron  that  may  be  used  for  the  purpose,  from  deflecting  or  twisting  so  as  to 
crack  the  wall  after  all  the  work  is  done.  Such  cracking  may  not  endanger  the  construction 
in  any  way,  but  it  will  be  sure  to  mar  the  appearance  of  the  building,  and  it  can  be  entirely 
avoided.  Brick  can  be  used  without  terra  cotta  by  turning  a  flat  arch  for  a  window  cap  and 
taking  all  the  load  above  it  directly  on  the  iron  or,  indeed,  by  suspending  the  brick  directly 
over  the  window,  in  which  case  special  brick  are  required.  When  stone  window  caps  are 
used,  they  can  also  be  carried  directly  on  the  iron,  but  more  generally  the  window  cap  itself  is 
made  self-supporting,  and  the  load  above  is  taken  on  the  iron,  as  shown  in  Fig.  441.  Where 
the  distance  between  columns  is  very  great  the  beams  should  not  be  strained  as  high  as  usual 
on  account  of  deflection^  and  for  the  same  reason  deep  beams  are  preferable  to  shallow  ones. 
Deflection  should  be  kept  at  a  minimum  in  all  spandrel  work* 
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In  calculating  the  loads,  that  part  of  the  wall  between  the  lower  line  of  the  window  cap 
and  the  top  line  oi  the  window  sill  next  above  is  almost  always  evenly  distributed.  The 
mullions  between  the  windows  and  the  windows  themselves  sometimes  must  be  treated  as 
separate  loads,  while  the  floor  loads  coming  on  these  beams  may  come  under  either  class. 

477.  Calculation  of  Beams. — The  best  method  of  determining  the  size  of  beams  is  that  of 
moments.  To  use  this  method  readily  it  is  necessary  to  have  a  table  showing  the  values  of 
M^  for  each  section  of  beam  which  there  is  any  possibility  of  using.  Such  a  table  can  easily 
be  made,  using  formula  (2)  for  the  calculations.     The  value  of  p  is  usually  taken  at  16,000  lbs. 

Determine  the  bending  moment  of  each  beam,  taking  all  distances  in  feet,  then  select  a 
beam  from  the  table  whose  moment  of  resistance  is  not  less  than  the  calculated  bending 
moment.  This  method  of  work  would  be  understood  anywhere,  and  is  applicable  to  all  cases 
that  can  possibly  occur. 

Dimensions  of  Columns. — In  actual  practice  the  treatment  of  columns  varies 
greatly.  This  is  mostly  due  to  the  following  circumstances  :  The  formulae  for  the  strength  of 
columns  do  not  agree.    The  underlying  principles  seem  to  be  sufficiently  established.,  but  every 
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authority  has  his  own  treatment  of  them,  his  own  form  of  expression  and  his  own  nomencla- 
ture. To  some  extent,  also,  they  are  empirical,  containing  factors  entirely  dependent  upon 
the  results  of  actual  tests,  and  these  have  given  rise  to  further  differences.  All  common 
formulae  are  based  on  a  condition  of  ideal  loading  which  cannot  always  be  obtained  in  build- 
ing construction ;  indeed,  it  would  be  nearer  the  truth  to  say  it  is  rarely  obtained.  There  is 
also  a  lack  of  full-sized  tests  right  along  the  line  of  these  irregularities  of  loading.  The  tests 
that  have  been  made  are  not  full  enough  to  properly  show  the  relative  value  of  the  different 
sections  in  use,  and  are  not  conveniently  available  to  the  profession  at  large.  All  this  helps 
to  explain  the  lack  of  uniformity  in  the  estimate  of  column  sections  and  methods  of  calculat- 
ing them. 

In  the  treatment  of  columns  given  in  Chapter  IX  three  kinds  of  compressive  stresses  are 
pointed  out  to  which  the  concave  side  of  the  bent  column  is  subjected :  that  uniformly  dis- 
tributed over  the  section,  that  due  to  eccentric  loading,  and  that  due  to  the  flexure.  In  the 
derived  formulae  the  second  of  these  elements  is  omitted  because  there  can  be  no  eccentricity 
in  ideal  loading,  and  so  it  is  in  Gordon's  formula,  and  all  the  others  that  have  been  derived 
from  it  or  based  upon  it  In  building  construction  this  second  element  must  not  be  omitted. 
The  metal  of  one  column  should  be  directly  over  the  metal  of  the  column  below,  continuously 
through  the  entire  height  of  the  building,  and  this  necessitates  the  application  of  the  loads  on 
the  sides  of  the  columns.  If  the  loads  are  equal  and  are  on  opposite  sides  of  the  column, 
the  effect  of  the  eccentricity  is  neutralized,  otherwise  it  increases  the  stress  on  the  side  of 
the  column  on  which  the  greater  load  is  applied.  Owing  to  the  short  length  of  most  of  the 
columns  used  in  this  construction,  and  to  the  fact  that  the  ends  are  flat  bearing,  the  value  of 

( -J  is  so  small  that  it  gives  the  third  of  these  elements  the  least  importance.  In  the  b.ase- 
ment  columns  of  a  sixteen-story  building  the  value  of  the  term       p  i  ~)   in  equation  (i)  of 

Chapter  IX  is  about  .022,  while  the  value  of  the  second  term,  — r,  is  quite  commonly  as  much 

as  .07,  and  often  considerably  more.     In  the  smallest  columns  at  the  top  of  the  building  the 

value  of  the  term  — rr  ( -j ,  owing  to  the  reduced  section,  is  about  0.220,  while  0.6  or  0.7 

vy 
would  not  be  an   unusual  value  for  the  term  — r  which  in  these  smallest  columns  occasion- 

r 

ally  doubles  the  section.  These  figures  are  taken  from  examples  at  hand.  They  show 
first  that  the  important  effects  of  eccentricity  of  loading  increase  rapidly  as  the  section  of  the 
column  decreases,  and  that  the  importance  of  this  element  in  columns  thus  eccentrically 
loaded  is  three  or  more  times  as  great  as  that  of  the  element  dependent  upon  the  flexure  of 
the  column.  These  effects  are  entirely  independent  of  the  character  of  the  column,  varying 
of  course  in  values  with  different  kinds  of  columns,  but  always  true  when  the  loading  is  as 
irregular  and  eccentric  as  the  architecture  of  modern  sixteen-  and  twenty-story  buildings 
necessitates. 

Mr,  James  Christie  in  his  report  of  tests  made  at  Pencoyd  Iron  Works,  in  a  paper  read 
before  the  American  Society  of  Civil  Engineers  in  1883,  says:  "Very  minute  changes  in  the 
position  of  the  centre  of  pressure  produces  greater  differences  in  the  resistance  of  the  bars 
than  was  anticipated."  And  in  another  place  he  says  :  "  For  reasons  not  always  evident, 
occasional  results  were  obtained  either  abnormally  high  or  low,  as  will  be  found  illustrated 
on  the  diagrams;  but  there  is  little  doubt  that  the  principal  cause  of  low  resistance  was 
eccentricity  of  axes,  or  non-coincidence  between  the  centre  of  pressure  and  the  axis  of  great- 
est resistance  of  the  specimen."     These  tests  were  made  on  small  bars,  but  the  results  would 
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hold  equally  good  on  sections  and  conditions  found  in  practice.     AH  that  we  have  in  actual 
experiment  bears  out  this  theory  that  seems  too  well  founded  for  question. 

There  are  two  other  factors  having  a  very  practical  bearing  on  the  strength  of  columns, 
neither  of  which  are  accounted  for  in  this  discussion  and  application  of  equation  (i)  of  Chap- 
ter IX.  One  of  these  is  contained  in  the  form  of  the  sections  used,  and  in  the  manner  in 
which  they  are  fastened  together;  the  other  concerns  imperfections  in  workmanship  and 
material.  Both  of  these  factors  are  alike  empirical,  and  no  function  expressing  these  condi- 
tions enters  into  any  of  the  column  formulae  arranged  for  possible  practical  use.  They  are, 
however,  unlike  in  this  important  feature.  The  imperfections  of  workmanship  and  materials 
do  not  differ  greatly  with  different  kinds  of  columns,  but  rather  with  different  shops  and 
mills,  and  the  only  way  to  guard  against  them  is  to  employ  the  best  service  and  in  close  and 
careful  inspection.  On  the  other  hand,  the  form  of  the  sections  used  and  the  manner  in 
which  they  are  put  together  is  a  factor  of  strength  or  weakness  peculiar  to  each  kind  of 
column  manufactured,  and  is  an  important  feature  in  any  comparison  of  the  strength  of  dif- 
ferent kinds  of  columns. 

By  "  the  form  of  the  section  '*  is  meant,  not  its  capacity  to  produce  in  the  finished  column 
a  large  moment  of  inertia  for  the  actual  area,  but  the  possible  assistance  that  the  different 
parts  of  the  section  may  afford  each  other  in  general  stiffness.  We  have  no  scientific  discus- 
sion of  this  feature  as  it  applies  to  the  strength  of  columns,  no  function  of  the  form  of  the 
sections  independent  of  their  position,  nor  of  effepts  of  multiplied  punching  and  riveting  in 
any  column  formula,  and  no  adequate  comparative  tests  that  can  establish  the  relative  merits 
or  demerits  of  different  sections  in  this  respect  even  empirically.  There  is  testimony  to  the 
fact  that  it  is  an  important  consideration,  though  sometimes  authorities  do  not  agree  as  to 
the  facts  involved.  For  example,  in  a  book  published  by  the  Phoenix  Iron  Company  they 
criticise  the  Z-bar  columns  because  "  their  thin  unsupported  flanges,  flaring  out  at  extreme 
points,  are  much  to  be  deprecated,  owing  to  their  inherent  tendency  to  buckling,"  while  Mr. 
Strobel  in  his  discussion  of  the  same  column  in  a  paper  before  the  American  Society  of  Civil 
Engineers  says :  "  It  will  be  seen  that  the  Z-iron  columns  compare  favorably  with  other 
columns  in  ultimate  resistance.  The  values  obtained  are  near  approximations  to  the  Water- 
town  results  with  Phoenix  columns,  and  exceed  those  heretofore  obtained  with  other  types  of 
columns.  This  favorable  showing  for  the  Z-iron  columns  should  probably  be  attributed  to 
the  fact  that  the  material  in  the  outer  periphery  of  the  cross-section,  on  which  dependence 
must  be  placed  to  hold  the  column  in  line,  is  not  weakened  by  rivet-holes,  but  is  left  solid 
and  unbroken,  and  is  therefore  in  best  shape  to  do  its  work  effectively."*  Each  of  these 
arguments,  one  for  the  strength  of  the  column  and  one  for  its  weakness,  is  based  on  the  con- 
ditions concerned  in  this  consideration  of  the  column. 
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Fig.  443  shows  the  sections  of  the  columns  in  common  use  in  building  construction.  In 
practice  it  often  occurs  that  columns  must  be  calculated  rapidly,  and  it  is  important  to  curtail 
the  work  as  much  as  possible.  Some  of  these  column  types  are  manufactured  as  a  specialty. 
In  such  cases  the  manufacturers  have  a  working  formula  for  the  strength  of  the  columns,  and 
a  table  showing  the  safe  concentric  loads  for  columns  of  different  sizes.     These  formulae  and 


*  These  columns  were  made  of  iron  which  showed  very  hij^h  elastic  limits  in  the  specimen  tests. — J.  B.  J. 
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tables  may  be  relied  upon  as  conservative.     They  are  made  for  the  use  of  unprofessional 

men,  and  it  must  be  remembered  that  they  are  for  concentric  loads  only,  that  is  to  say,  they 

represent  only  the  first  and  third  elements  of  equation  (i)  before  referred  to,  with  possibly  an 

empirical  factor  supposed  to  cover  the  conditions  of  form  and  riveting,  etc.,  peculiar  to  the 

column.     If  a  proper  allowance  is.  made  for  the  bending  moment  arising  from  the  eccentric 

loading,  and  moderately  heavy  sections  are  used  with  skilful  detailing,  there  seems  to  be  no 

good  reason  why  columns  for  most  buildings  should  not  be  subjected  to  a  higher  unit  stress 

than  is  usually  given  by  these  formulae  and  tables.     The  moment  due  to  the  eccentric  load- 

ing  maybe  provided  for  as  follows:  Multiply  the  eccentric  load  by  the  distance  from^the 

point  of  its  application  to  the  centre  of  the  column ;  the  result  is  the  bending  moment  due  to 

//     fAf^  My 

the  eccentric  load.     Then  from  the  formula  3f,  =  —  =  ,     or    ^  =  — j?t-*,  we  find  the 

y,         y,  fr" 

area  of  section  required  to  resist  the  bending  moment. 

In  designing  short  columns,  as  used  for  buildings,  select  a  maximum  working  stress  on 

the  .extreme  fibres  of  the  column,  on  the  side  of  the  eccentric  load,  and  neglect  all  bending  of 

the  column  for  such  working  loads.     We  then  have,  for  both  concentric  and  eccentric  loads, 

..       P  .   My^ 

where  A  =  total  area  of  column  ;  P=  total  load  on  column,  both  eccentric  and  concentric; 
p  =  maximum  working  stress  in  lbs.  per  sq.  in. ;  J/=  bending  moment  from  eccentric  load  = 
P^v  (where  P^  =  eccentric  load,  and  v  =  distance  of  eccentric  load  from  axis  of  column) ; 

V 

y^  =  distance  of  extreme  fibre  on  loaded  side  from  neutral  plane  of  column,  and  >&  =  -  ;  r  = 
radius  of  gyration  of  cross-section  of  column  in  direction  of  eccentric  load.     But  for  Z-bar 

y 

columns  and  for  most  of  the  iron  and  steel  forms  -  =  1.73.     If  v  be  found  in  terms  of  ^,  we 

,     •,         My^     Pt^'yx     f^PJyX  y  fyX 

may  write  v=ky,\  hence  — j  =  — r  =  —r\-)  •  But  since "^  =  i.73»^7J  =  3-0,  hence  our 
equation  becomes 

^  =  j(^+ 3*/*.)* (n) 

This  is  an  exceedingly  simple  formula  and  readily  applied. 

479.  Wind  Bracing. — Buildings  are  always  subject  to  lateral  strains  from  wind  forces. 
But  little  attention  has  been  paid  to  this  fact  heretofore,  and  really  there  has  been  little  need. 
If  a  building  of  unusual  height  was  proposed,  an  extra  wall  was  put  into  it,  but  otherwise  the 
lateral  strength  of  the  exterior  walls  and  the  ordinary  partitions  have  almost  always  been 
quite  sufficient  to  resist  these  forces.  Where  buildings  have  been  blown  down  it  has  gener- 
ally been  shown  that  there  was  a  reckless  want  of  care  in  the  construction  where  only  a  little 
care  was  needed.  Steel  buildings,  however,  are  built  to  such  great  heights,  and  are  so  desti- 
tute of  these  ordinary  means  of  resisting  wind  forces,  that  it  is  necessary  to  give  the  subject 
much  more  serious  consideration  and  to  brace  the  steel  frames  so  that  the  strength  of  the 
buildings  in  this  respect  shall  be  assured.  This  can  be  done  in  a  variety  of  ways;  but  the 
arrangement  of  the  rooms,  the  architectural  features,  and  other  requirements  prescribe  so 
greatly  that  the  designer  will  probably  be  left  with  but  one  way,  and  be  very  glad  that  he  has 
that  one. 

The  bracing,  whatever  it  is,  must  of  course  be  vertical,  reaching  down  to  some  solid  con- 
nection  at  the  ground.  It  should  also  be  arranged  in  some  regular  symmetrical  relation  to 
the  outlines  of  the  building.  For  example,  if  the  building  is  narrow  and  is  braced  crosswise 
with  one  system  of  bracing,  that  system  should  be  midway  between  the  ends  of  the  buildings, 
and  if  two  systems  are  used  they  should  be  equidistant  from  the  ends,  the  exact  distance 

*  Tbii  formula  wat  added  by  Prof.  Johnion  in  the  fourth  edition  of  this  work. 
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being  unimportant,  because  the  floors,  when  finished,  are  extremely  rigid.     The  symmetrical 
arrangement  is  necessary  to  secure  an  equal  service  of  the  systems  and  prevent  any  tendency 


to  twist. 


Fig.  444. 

Fig.  444  shows  in  outline  several  ways  in  which  such  a  system  of  bracing  may  be  con- 
structed. Horizontal  lines  indicate  floors,  and  vertical  lines  indicate  columns.  It  is  obvious 
that  both  the  horizontal  iron-work  and  the  columns  must  do  a  good  part  of  the  work,  and 
that  each  arrangement  must  have  its  own  treatment  and  must  create  stresses  unlike  those 
created  by  the  other  systems.  The  loads,  however,  will  be  the  same.  If  one  system  is  used, 
the  length  of  the  building,  that  is,  the  width  of  the  side  perpendicular  to  the  direction  of  the 
bracing,  multiplied  by  the  distance  between  floors  half-way  below  and  .half-way  above,  will 
equal  the  exposed  area  tributary  to  each  panel  point,  and  this  multiplied  by  the  force  per 
square  foot  will  equal  the  horizontal  external  force  applied  at  each  panel  point.  Then  the 
total  shear  at  any  point  will  equal  the  sum  of  all  the  external  forces  at  and  above  the  point 
taken.  These  shears  may  be  reduces  in  actual  practice  on  several  accounts,  and  if  such 
reduction  is  made  it  is  well  to  make  it  at  this  point  in  the  computations.  The  weight  of  the 
building  affords  some  resistance,  and  in  most  cases  is  worth  taking  into  account.  Most 
buildings  are  filled  with  tile  or  some  other  sort  of  partitions,  and  when  these  are  really 
constructed  and  their  continuance  is  assured,  there  is  no  good  reason  why  we  should  not  rely 
also  on  them  to  some  extent.  There  is  also  some  resistance  to  lateral  strains  in  the  connec- 
tion of  the  beams  to  the  columns  where  they  are  well  riveted.  Some  of  these  considerations 
will  admit  of  calculation;  but  in  using  them  much  must  depend  on  the  experience  and  judg- 
ment of  the  engineer. 

The  simplest  form  of  bracing  is  that  marked  a  in  Fig.  444.  In  Fig.  445,  which  is  the 
same  thing,  ^  =  the  load  or  shear  directly  tributary  to  that  panel  point;  ^  =  the  sum  of 
the  loads  or  shears  tributary  to  all  the  points  above,  or,  in  other  words,  the  horizontal  com- 
ponent of  the  stress  in  rod  r\  E  =■  vertical  component  of  the  stress  in  rod  r\  D  =.  accumu- 
lated vertical  wind  loads  in  the  column  next  above  column  2. 

Then      ^  -{"  ^  =  ^^  horizontal  load  on  rod  s  \ 

(A  +  B)d 

^ =  vertical  component  of  the  stress  in  rod  s. 


The  compressive  stress  in  any  horizontal  strut  must  equal  A '■\^  £.     The  load  on  any 
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column  2  must  equal  D-^^ —         -,  and  this  wind  load  must  be  added  to  all  the  other  regular 

loads  on  the  column.     It  must  also  be  noted  that  ^ —  is  an  eccentric  load,  the  length  of 

arm  being  the  distance  from  the  bearing  or  point  of  attachment  at  the  end  of  the  horizontal 


Fig.  445. 

strut  to  the  axis  of  the  column.  If  this  connection  is  to  the  axis  of  the  column  itself,  or  if 
the  rods  connect  directly  to  the  centre  of  the  column,  the  eccentricity  is  reduced  to  zero  and 
the  eccentric  load  becomes  a  direct  load  the  same  as  D, 

The  regular  load  carried  by  column  I  resists  the  upward  vertical  component  of  the  stress 
in  rods,  connected  at  the  bottom  of  the  column,  and  the  same  is  true  at  every  other  connec- 
tion to  this  tier  of  columns.     The  dead  load  in  column  i  is  reduced  the  full  amount  of  the 

(A  —I—  J^\h 

total  compression  for  wind  in  column  2,  that  is,  D-\ ;  and  when  this  amount  exceeds 

the  dead  load  in  column  i  there  must  be  tension  in  the  connection  of  the  column  to  the  next 
one  below,  a  condition  which  is  not  provided  for  and  which  in  any  ordinary  case  should  not 
be  allowed  to  occur.  The  horizontal  shears  multiplied  by  the  secants  will  give  the  stresses  in 
the  rods  the  same  as  in  a  truss. 

The  arrangement  marked  b  in  Fig.  444  is  a  slight  variation  of  that  marked  a.  The 
arrangement  marked  c  consists  of  a  system  of  portals  one  above  the  other.  This  is  shown 
more  definitely  in  Fig.  446. 

A  =  accumulated  force  or  horizontal  shear  from  wind  at  the  floor  next  above  floor 
M,  applied  one  half  on  one  side  and  one  half  on  the  other ; 

B  =z  the  force  of  the  wind  or  shear  directly  tributary  to  floor  M\ 
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D  =  the  accumulated  vertical  wind  load  in  the  column  next  above  column  2: 
A^  B^  D  =  the  total  exterior  forces  acting  on  the  portal,  then 

{Ab  ■\'  Bb  ^  Be)-  =  vertical  resistance  due  to  A  and  B\ 


A  +  B 


=  horizontal  reactions  due  to  A  and  B. 


In  column  2  the  vertical  column  load  due  to  the  wind  must  be  added  to  the  regular  load 
of  the  column  the  same  as  in  the  arrangement  shown  in  Fig.  445.  The  load  D  and  its  equal 
reaction,  being  directly  appHed  along  the  same  straight  line,  may  be  omitted  from  considera- 


(A*+B6-Bo}i. 


(Ae>+Bfe-Bc)-l-fD 

Fig.  446. 

tion  in  discussing  the  strength  required  in  the  bracing,  as  may  also  the  negative  effects  equal 
to  D  which  occur  in  column  i,  the  same  as  in  the  case  shown  in  Fig.  445. 

The  horizontal  shear  along  the  line  w  =  A  -{-  B. 

The  horizontal  shear  in  either  leg  below  the  line  vv  =  i{A  +  B). 

(Ab  +  Bb  -  Be) 
The  vertical  shear  on  all  vertical  planes  = . 

The  thickness  of  the  web  plates  must  be  determined  by  these  shears.  It  will  be  noted 
that  the  connection  to  the  columns  must  be  equal  to  the  whole  vertical  shear.  The  direct 
compression  in  the  flange  5  =  i^.  Taking  moments  about  the  point  of  intersection  of  flange  r 
with  the  line  ww^  it  will  be  found  that  the  sum  of  the  moments  equals  zero,  that  is,  that  there 
is  no  bending  moment  in  the  portal  on  the  line  wWy  and  that  flange  /  is  not  strained  at  this 
point.  For  maximum  stress  in  flange  /  take  a  point/  in  flange  r,  distant  x  from  the  line  ww 
and  at  right  angles  to  any  given  section  of  the  flange  /;  then  x  times  the  vertical  shear  divided 

X 

by  7  =  the  stress  at  the  section  taken,  and  this  is  maximum  when  -  has  its  greatest  value. 
The  leg  of  the  portal  including  column  2  might  be  also  taken  as  a  cantilever  with  two  forces 


acting  on  it, 


A-\-B          (Ab+  Bb-  Be) 
-  and 


,  with  flange  /  in  compression  and  the  column  itself 


2  a 

acting  as  a  tension  chord.     Take  a  point  in  the  centre  of  the  column,  distant  ;r,  from  the 

A  A-  H   X 
bottom  of  the  leg  and  at  right  angles  to  any  given  section  in  flange  / ;  then .  —  =  the 

X 

strain  in  flange  /,  and  this  is  maximum  when  —  has  its  greatest  value.     There  is  a  slight  error 
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in  this  treatment,  but  it  is  on  the  side  of  safety.  If  flange  /  has  a  section  proportioned  to 
these  maximum  stresses,  the  requirements  will  be  fulfilled. 

The  stress  and  area  required  in  flange  r  can  be  obtained  in  a  similar  manner.  The  con- 
nections of  the  portal  above  this  flange  to  the  portal  and  column  above  must  be  equal  to  \A 
at  each  leg. 

The  arrangernent  marked  d  in  Fig.  444,  if  used  at  all,  would  probably  be  made  to  include 
more  than  two  columns,  and  the  stresses  would  vary  greatly  with  the  number  of  columns 
included  in  the  system.  It  is  not  an  economical  method  of  stiffening  a  structure,  as  it  pro- 
duces heavy  bending  moments  in  both  the  horizontal  struts  and  in  the  columns  themselves. 
Methods  a  and  by  on  the  other  hand,  if  connections  are  properly  made,  do  not  cause  any 
bending  in  the  columns  or  in  the  lateral  struts. 

480.  Details. — In  many  buildings,  owing  to  irregular  lines  or  to  an  elaborate  exterior,  the 
details  of  the  construction  are  difficult  and  complicated.  Many  architects  also  have  but  little 
knowledge  of  the  practical  ways  of  connecting  and  working  metal  in  the  shop,  and  the  result 
is  that  otherwise  good  frames  ar-e  often  decidedly  weak  in  connections  and  details.  It  is  there- 
fore very  important  that  the  general  drawings  and  specifications  should  ccver  all  these  points. 

Beams  fitting  into  beams  should  have  an  eighth  of  an  inch  clearance  at  each  end. 
Standard  connections,  when  the  manufacturers  of  the  beams   have  any,  should  be  used 


-- ♦^tt 


Fig.  447. 

wherever  they  can  be  conveniently.  Care  should  always  be  exercised  to  see  that  the  flanges 
are  not  weakened  by  rivet-holes*  The  common  connection  of  a  beam  to  a  column  requires 
two  rivets  in  each  flange.  These  rivets  should  attach  to  a  lug  directly  connected  to  the 
column  Itself  by  an  equal  number  of  rivets.  As  good  a  connection,  and  in  some,  ways  a  better 
one,  is  to  put  all  four  rivets  in  the  bottom  flange  and  fill  the  clearance  space  between  the 
beam  and  the  column  at  the  top  of  the  beam  with  iron  wedges  tightly  driven.  When  the 
columns  are  cut  off  under  the  beams  so  that  the  latter  can  rest  on  the  cap-plate  of  the  column 
below,  this  cap-plate  should  not  be  used  as  a  lug.     The  supports  of  brackets  in  bay-windows 
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and  under  a  heavy  cornice  needs  especial  care.  These  should  be  made  as  parts  of  beams 
wherever  possible.  Fig.  447  shows  such  a  connection.  When  attached  as  shown  in  this  case, 
the  beam  marked  A  may  be  calculated  as  though  it  were  one  continuous  beam  to  the  end  of 
the  bracket.  If  the  bracket  were  attached  only  to  the  beam  marked  By  the  latter  would  twist 
to  some  extent,  and  a  very  little  yielding  on  the  part  of  the  beam  in  this  way  would  make  the 
vertical  deflection  of  the  bracket  relatively  large.  This  would  certainly  be  an  injury  to  the 
building.     All  beams  carrying  floor  arches  should  be  provided  with  tie-rods  to  counteract  the 
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Fig.  448. 


thrust  of  the  arch.     Double  beams  should  always  be  provided  with  separators  to  equalize 
the  load.     Connections  in  high  buildings,  wherever  possible,  should  be  riveted. 

Columns  should  be  connected  to  each  other  through  the  cap-plates  by  four  or  more  rivets. 
This  should  be  independent  of  the  attachment  of  the  columns  through  the  beam  connec- 
tions. Columns  should  be  milled  at  each  end,  smooth,  and  at  right  angles  to  their  axes,  and 
the  use  of  sheets  of  lead  or  of  any  other  material  under  one  side  of  a  column,  to  make  it 


IRON  AND  STEEL    TALL  BUILDING  CONSTRUCTION  497 

plumb,  is  exceedingly  bad.     The  shop-work  should  be  done  so  well  that  the  need  for  such 
adjustments  should  not  be  felt. 

Details  of  connections  in  wind  bracing  are  exceedingly  important,  as  it  is  very  easy  to 
destroy  the  efficiency  of  any  system  by  a  single  faulty  connection.  It  is  difficult  to  describe 
exactly  what  these  details  should  be,  for  the  requirements  vary  greatly  in  different  buildings. 
To  properly  detail  the  work  it  is  as  necessary  to  have  a  perfect  understanding  of  the  outward 
forces  and  the  manner  in  which  they  must  be  resisted,  as  it  is  to  calculate  the  sections 
required.  This  may  be  illustrated  in  the  connection  of  the  stVuts  to  the  columns  in  that 
system  of  bracing  marked  a  in  Fig.  444.  The  strut  need  not  be  connected  to  the  column 
to  resist  horizontal  forces,  for  there  is  no  force  tending  to  tear  the  strut  away  from  the 
column  in  this  direction.  The  force  to  be  resisted  here  is  vertical.  Fig.  448  shows  such  a 
connection ;  the  strut  is  made  to  butt  the  column  squarely  instead  of  fastening  to  the  sides  of 
the  column  by  rivets  passing  through  the  two  members,  or  indirectly  through  connection 
plates,  because  the  forces  producing  stresses  in  the  bracing  at  this  point  must  come  into  the 
strut  by  cpmpression  from  without  and  not  through  any  possible  tensile  stress.  When  the 
strut  butts  the  column  these  forces  are  introduced  into  the  strut  without  the  aid  of  rivets,  and 
the  full  value  of  all  the  rivets  can  be  used  to  resist  the  vertical  component  of  the  rod  stress. 
It  serves  also  to  keep  the  arm  at  the  end  of  the  strut,  or  the  distance  from  the  centre  of  pin  to 
the  bearing  at  the  end,  as  short  as  possible,  all  of  which  is  important.  The  top  angles  may  be 
placed  several  inches  above  the  strut,  and  a  cast  filler-block  introduced  between  them.  Such 
an  arrangement  has  several  advantages.  It  generally  happens  that  these  angles  cannot  be 
riveted  to  the  column  directly  under  the  channels  of  the  strut,  as  shown  in  Fig.  448.  The 
consequence  is  that  whatever  intervenes  must  carry  a  cross-strain.  The  cast-block  will  do  this 
well.  It  is  also  important  that  there  should  be  absolutely  no  clearance ;  otherwise  the  whole 
system  would  lack  in  stiffness  and  efficiency.  The  block  can  be  cast  a  little  large,  and  if 
necessary  it  can  be  chipped  at  the  building  in  order  to  crowd  it  into  posi«:ion.  The  block  also 
has  the  further  advantage  of  cheapness,  and  is  always  easily  obtained.  Every  detail  in  wind 
bracing  should  receive  the  most  careful  consideration. 
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CHAPTER   XXIX. 

IRON  AND  STEEL  MILL-BUILDING  CONSTRUCTION.* 

481.  General  Types  of  Buildings. — There  are  three  general  types  in  common  use. 
The  first  has  a  rigid  iron  frame  throughout.  Each  transverse  bent  is  made  up  as  follows :  An 
iron  roof  truss  is  supported  at  its  ends  by  iron  columns  firmly  anchored  to  masonry  piers ; 
the  bent  is  made  rigid  by  transverse  bracing,  consisting  of  knee-braces  in  intermediate  bents 
and  vertical  bracing  in  the  end  bents  between  columns.  In  the  sides  of  the  building  vertical 
bracing  is  provided  between  the  columns,  and  lateral  bracing  in  the  planes  of  the  top  and 
bottom  chords  of  the  roof  trusses.  When  long  panels  are  desired,  the  alternate  roof  trusses 
can  be  supported  on  longitudinal  girders,  or  trusses,  running  between  the  columns.  At  the 
ends  of  the  building  one  or  more  gable  columns  should  be  introduced  to  shorten  the  unsup- 
ported length  of  transverse  vertical  bracing.  The  sides  and  ends  may  be  covered  with 
corrugated  iron  sheeting  supported  on  suitable  framework. 

The  second  type  differs  from  the  first  in  having  thin  curtain  walls  of  brick  built  up  to  the 
tops  of  the  columns  on  all  sides  of  the  building.  1  hese  walls  carry  no  vertical  loads,  but  must 
do  the  work  of  the  vertical  bracing  between  the  columns  in  the  sides  and  ends.  This  bracing 
is,  therefore,  omitted ;  but  there  should  be  in  the  sides  of  the  building  a  top  strut  running  from 
column  to  column,  and  connecting  to  the  inner  flanges,  in  order  to  clear  the  brick  wall.  If 
desired,  the  top  strut  may  connect  on  the  centre  line  of  columns,  in  which  case  the  wall  must 
be  built  around  it. 

Buildings  of  the  first  type  of  construction  are  suitable  to  withstand  the  action  of  the 
heaviest  jib  and  travelling  cranes,  since  they  are  able  to  resist  large  horizontal  forces,  as  well 
as  the  usual  vertical  loads.  The  second  type,  while  suitable  for  buildings  of  heavy  construc- 
tion, and  especially  adapted  for  machine-shops,  are  not  so  well  fitted  to  endure  the  action  of 
cranes  of  large  capacity,  particularly  if  the  building  be  high  and  narrow.  If  for  any  reason 
the  brick  walls  are  considered  essential  and  it  is  desired  to  secure  the  greatest  strength  and 
rigidity  possible,  regardless  of  expense,  a  combination  of  these  two  types  would  give  a  result 
which  could  not  be  surpassed. 

The  last  type  of  construction  to  be  mentioned  is  well  adapted  to  buildings  intended  for 
heavy  machinery  and  light  jib-cranes,  and  may  be  used  for  suspended  travelling-cranes.  In 
this  third  type  there  are  no  iron  columns.  The  walls  of  the  building  are  brick,  and  the  roof 
trusses  rest  directly  upon  them.  Additional  rigidity  can  be  secured  J^y  the  introduction  of 
iron  columns  at  the  four  corners  of  the  building.  These  columns  should  be  well  anchored  to 
the  foundations.  The  roof  trusses  should  be  braced  in  the  planes  of  the  top  and  bottom 
chords.  If  there  are  no  jib-cranes  to  be  provided  for  the  bottom  chord  bracing  may  be 
put  in  alternate  panels  only ;  in  which  case,  however,  the  top  chord  bracing  should  be  in  every 
panel  to  keep  the  walls  in  line. 

482.  Vertical  Loads  or  Forces. — Under  this  head  come  the  weight  of  the  iron  frame 
and  its  covering;  the  weight  of  snow  ;  the  vertical  component  of  the  wind  pressure  ;  travelling 
cranes  and  their  lifted  loads;    the  weight  of  pipes,  machinery,  and  shafting;  the  action  of 


*  This  chapter  has  been  adapted  from  a  paper  contributed  to  the  Engineers'  Society  of  Western  Pennsylvania, 
October,  1892. 
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driving-belts ;  and  such  additional  loads  as  may  arise  in  individual  cases.  The  importance  of 
considering  the  action  of  stresses  due  to  cranes  is  evident  when  it  is  remembered  that 
there  are  now  in  use  jib-cranes  of  varying  capacity  up  to  fifty  tons  and  travelling  cranes  up  to 
one  hundred  tons  and  even  one  hundred  and  fifty  tons  lifting  power.  These  cranes  produce 
not  only  direct  stresses  in  main  members  and  bracing,  but  also  heavy  bending  moments  in  the 
columns  and  alternating  stresses  in  various  members  throughout  the  building.  The  action  of 
long  lines  of  shafting,  with  their  driving-pulleys  and  belts,  and  of  hydraulic  and  steam 
machinery,  frequently  contributes  a  large  share  to  the  sum  of  uncertain  and,  too  often, 
unconsidered  stresses  to  which  a  mill  building  is  subject.  While  it  is  impossible  to  determine 
these  stresses  with  accuracy,  it  is,  nevertheless,  necessary  to  make  allowance  for  them  ;  and 
the  proper  way  to  deal  with  them  is  to  assume,  as  nearly  as  may  be,  an  equivalent  uniform 
load  and  a  single  concentrated  load  which  may  be  applied  at  will  to  any  member  of  the 
structure.  These  vertical  loads  vary  so  in  amount,  depending  on  the  span  and  type  of  build- 
ing, that  it  is  impossible  to  give  an  equivalent  load  per  square  foot  which  could  be  used 
indiscriminately.  It  must  be  ascertained  independently  for  individual  cases.  The  action  of 
the  vertical  loads  on  the  structure,  when  once  they  or  their  equivalents  have  been  computed, 
is  readily  determined,  and  need  not  be  further  discussed. 

483.  Horizontal  Forces. — Under  this  Jiead  come  the  horizontal  component  of  the  wind 
pressure  and  the  thrusts  from  the  travelling-cranes,  jib-cranes,  belts,  etc  The  horizontal 
action  due  to  the  cranes  and  wind  is  of  considerable  importance,  and  is  an  element  that  does 
not  receive  the  attention  in  merits.  Fortunately,  however,  the  maximum  wind  and  crane 
loads  occur  but  rarely,  and  the  probability  of  their  occurring  simultaneously  is  so  small  that, 
if  we  proportion  each  member  for  the  larger  stress,  we  may  disregard  the  smaller*  Horizontal 
forces  act  on  a  building,  tending  to  move  the  structure  horizontally  and  to  overturn  it  as  a 
whole.  As  a  result,  stresses  are  produced  in  the  individual  members  throughout  the  building. 
Friction  and  the  weight  of  the  structure  are  usually  sufficient  to  counteract  the  tendency  to 
movement,  and  we  need  consider  the  action  on  the  individual  members  alone.  This  action 
can  be  best  shown  by  means  of  a  stress^  diagram  (see  Plate  XXXH,  Fig,  i). 

484.  Method  of  Analysis. — The  following  conditions  will  be  assumed  to  illustrate  the 
method  of  analysis : 

Ft'  In. 
Height  to  centre  line  of  bottom  chord  of  roof  truss  ..,..•••     42    6 

Rise  of  roof  truss 16    o 

Height  of  ventilator 7    6 

Total  height  of  building 66    o 

Span  of  building,  centre  to  centre  of  columns.  •  •  •  • 64    O  • 

The  building  consists  of  a  rigid  iron  framework  throughout. 

The  wind  force  will  be  taken  at  the  low  value  of  20  lbs.  per  square  foot.  The  wind  will 
be  assumed  to  blow  in  a  horizontal  direction  in  all  cases.  The  vertical  dead  load  acting  on 
roof  is  taken  at  25  lbs.  per  square  foot,  horizontal  projection ;  with  an  additional  vertical 
loading,  acting  on  columns,  of  25  lbs.  per  square  foot,  horizontal  projection.  These  two 
loads  cover  the  weight  of  the  iron  framework  of  the  structure,  the  roof  load  being  the  weight 
of  the  trusses  and  their  covering,  and  the  additional  column  load  being  the  weight  of  the 
columns  and  their  bracing.  The  permanent  loads  only  have  been  selected  for  analysis,  so 
that  the  Jiability  to  alternating  wind  stresses  in  the  roof  trusses  may  be  fully  shown.  While 
the  estimate  for  dead  weights  is  made  to  more  than  cover  their  amount  in  general  practice,  no 
extreme  data  have  been  used. 

Were  we  designing  the  building  for  construction,  it  would  be  necessary  to  assume,  in  ad' 
Jition  to  those  already  mentioned,  vertical  loads  something  like  the  following : 
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For  snow,  lo  lbs.  per  square  foot. 

For  equivalent  uniform  load,  lo  to  15  lbs.  per  square  foot. 

For  concentrated  load,  10,000  lbs. 

The  equivalent  uniform  and  concentrated  loads  above  mentioned  are  those  referred  to  in 
Article  482,  and  cover  the  action  of  shafting  or  other  indeterminate  loads  which  would  affect 
a  building  according  to  the  particular  purposes  for  which  it  is  intended.  If  cranes  were  to 
be  put  in  the  building,  their  action  would  also  have  to  be  considered.  For  the  present  dis- 
cussion these  loads  are  not  included  in  the  analysis. 

The  diagrams  on  Plate  I  show : 

Case  I.  The  stresses  in  roof  trusses,  columns,  and  knee-braces,  for  wind  acting  on  one 
entire  side  of  the  building  and  roof,  for  columns  hinged  at  base. 

Case  II.  The  same  conditions  of  loading,  for  columns  rigidly  fixed  at  base  by  anchor 
bolts. 

Case  III.     The  stresses  in  roof  trusses  and  columns  for  permanent  dead  load. 

Case  IV.  The  stresses  in  roof  trusses  for  wind  on  roof  only.  The  roof  trusses  rest  on 
wallS)  and  are  anchored  at  both  ends. 

For  Cases  I,  II,  and  IV  the  entire  horizontal  force  of  20  lbs.  per  square  foot  is  considered 
on  the  vertical  projection  of  all  surfaces  acted  on  by  the  wind.  The  vertical  component  is 
disregarded. 

Case  V.  The  stresses  in  roof  trusses,  columns,  and  knee-braces,  for  wind  acting  on  one 
entire  side  of  building  and  roof,  for  columns  rigidly  fixed  at  base  by  anchor  bolts. 

For  Case  V  only,  the  analysis  is  made  for  the  resultant  normal  pressure  on  the  several 
surfaces  acte4  on  by  the  wind. 

It  is  customary  to  consider  the  resultant  wind  pressure  as  acting  normally  to  the  roof 
surface.  We  have,  however,  in  the  present  instance,  for  the  purpose  of  comparison,  found 
the  stresses  resulting  from  the  normal  pressure,  and  also  from  the  full  horizontal  force  of  the 
wind  acting  on  the  vertical  projection  of  the  entire  building.  In  the  latter  case  the  vertical 
component  has  been  neglected.  When  the  resultant  normal  pressure  is  taken,  as  in  Case  V, 
the  wind  stresses  may  be  found  in  one  dis^am  for  this  normal  pressure,  or  the  stresses  for  the 
horizontal  and  vertical  components  may  be  found  separately  and  combined  for  total  wind 
stresses. 

Cases  II  and  V  show  a  comparison  of  the  effects  of  the  full  horizontal  force  of  the  wind 
and  of  the  resultant  normal  pressure.  All  the  conditions  in  these  two  Cases  are  the  same, 
except  that  of  the  direction  of  the  resultant  wind  pressure. 

In  high  buildings,  especially  with  ventilators,  on  account  of  the  small  proportion  of  ex- 
posed roof  area,  the  difference  in  the  resulting  stresses  is  not  very  marked ;  the  normal 
pressure  giving  in  most  members  the  smaller  results.  For  a  discussion  of  wind  pressures, 
see  Chap.  Ill,  Art.  52. 

The  intensity  of  the  wind  stresses  throughout  the  roof  truss  is  dependent,  other  conditions 
remaining  constant,  upon  the  ratio  of  the  total  length  of  the  column  to  the  length  of  the 
portion  above  the  foot  of  the  knee-brace.  The  greater  this  ratio,  the  greater  will  be  the 
stresses.  Although  the  knee-braces  have  been  assumed  of  greater  depth  than  will  ordinarily 
occur  in  practice,  an  examination  of  the  diagrams  will  show  for  Cases  I  and  II,  and  even  for 
Case  V,  that  the  wind  stresses  in  some  of  the  principal  members  on  the  windward  side  of  the 
roof  trusses  are  equal  to  the  dead  load  stresses,  while  on  the  leeward  side  the  stresses  are  of 
opposite  character  and  of  even  greater  intensity ;  note  especially  the  stresses  in  the  top  and 
bottom  chords  of  the  roof  trusses,  in  the  two  main  diagonal  ties  running  to  the  ridge,  in  the 
knee-braces  and  in  the  adjoining  diagonals. 

The  horizontal  reaction  or  shear  at  the  base  of  the  columns  is  a  known  quantity;  it  re- 
mains the  same  whether  the  columns  are  hinged  or  rigidly  fixed  at  the  piers.     For  the  two 
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columns  of  a  bent  it  is  equal  to  the  horizontal  component  of  the  wind  on  one  panel  of  the 
building  and  roof.  This  total  shear  or  reaction  is  assumed  to  be  equally  distributed  between 
the  two  columns.  The  wind  loads  are  considered  concentrated,  and  the  vertical  reactions  at 
the  feet  of  the  columns  are  disregarded  in  the  analysis  of  stresses  in  trusses  and  columns, 
but  are  considered  in  the  calculation  for  anchor  bolts,  masonry,  etc. 

External  Farcis. — The  columns,  in  deflecting  from  the  wind  loads,  have  a  leverage  actio: 
producing  certain  horizontal  reactions  at  the  feet  of  the  knee-braces,  and  at  the  bottom  chords 
of  roof  trusses,  which  must  be  considered  as  external  forces  in  finding  the  vertical  reactions, 
and  in  the  analysis  for  stresses  in  the  knee-braces  and  roof  truss. 

Vertical  Reactions  from  Horizontal  Forces. — Taking  the  centre  of  m  ments  at  any  point 
in  the  axis  of  either  column,  the  vertical  reaction  at  the  opposite  column,  in  any  case,  is  equal 
to  the  algebraic  sum  of  the  moments  of  all  the  external  forces  above  this  point,  divided  by  the 
span  of  the  building.  The  centre  of  moments  may  be  taken  at  any  point  in  the  axis  of  the 
column ;  but  the  most  convenient  points  are  at  the  bases  of  the  columns,  at  the  points  of  con- 
traflexure,  and  at  the  feet  of  the  knee-braces. 

Vertical  Reactions  from  Vertical  Forces. — The  vertical  reaction  at  either  column  resulting 
from  the  vertical  components  of  the  horizontal  wind  force  is  equal  to  the  sum  of  the  moments 
of  these  vertical  forces  about  a  point  in  the  axis  of  the  other  column  divided  by  the  span  of 
the  building. 

For  analyses  in  which  only  the  horizontal  component  of  the  wind  force  is  dealt  with,  as 
in  Cases  I  and  II,  the  vertical  reaction^}  resulting  from  the  horizontal  component  only  need  be 
considered.  When,  however,  as  in  Case  V,  the  analysis  is  made  for  the  horizontal  and  vertical 
components  of  the  resultant  normal  wind  pressure,  the  algebraic  sum  of  the  corresponding 
vertical  reactions  must  be  considered.  In  all  cases  the  wind  and  dead  load  stresses  have  been 
determined  separately,  for  the  purpose  of  comparison  and  to  locate  the  alternating  stresses. 
To  determine  the  net  stresses  in  the  members  and  the  resultant  overturning  action  on  the 
building,  the  stresses  and  reactions  for  dead  and  wind  loads  must  be  combined  algebraically. 

485.  Action  of  Horizontal  Forces  on  the  Columns. — The  column  in  resisting  hori- 
zontal  forces  acts  as  a  beam,  and  when  rigidly  anchored  it  may  be  considered  as  fixed  in 
direction  at  the  base,  but  when  not  properly  anchored  it  must  be  considered  as  hinged  at  the 
base,  or,  in  other  words,  free  to  rock  on  the  pier.  Theoretically  we  might  treat  the  column  as 
fixed  in  direction  at  the  top  also,  when  rigidly  connected  to  the  roof  truss ;  but  as  we  are  not 
at  all  sure  of  realizing  a  sufficient  degree  of  rigidity  at  this  point,  it  will  be  safer  to  consider 
the  column  as  simply  supported  at  the  top  in  all  cases.  In  reality  there  would  be  but  little 
gain  in  fixing  the  column  in  direction  at  the  top,  as  it  must  be  done  at  the  expense  of  result- 
ing bending  moment  in  the  roof  truss.  The  column,  then,  in  resisting  horizontal  forces  will, 
when  rigidly  anchored  at  the  base,  act  as  a  beam  fixed  at  one  end  and  supported  at  the  other, 
but  when  not  properly  anchored  it  will  act  as  a  simple  beam  supported  at  both  ends.  The 
anchor  bolts  which  fix  the  column  have  to  resist  the  bending  moment  at  the  base :  or,  in 
other  words,  they  must  counteract  the  tendency  of  the  column  to  rock  on  the  pier.  They 
must  also  resist  the  horizontal  thrusts  not  overcome  by  friction.  The  rocking  tendency  is 
influenced  by  the  width  of  column  base  and  by  the  depth  of  vertical  bracing.  The  lower  the 
bracing  extends,  the  smaller  will  be  the  bending  moment  at  the  foot  of  the  column,  and  the 
less  the  pull  on  the  anchor  bolts.  If  the  bracing  were  to  extend  the  entire  length  of  thr 
column,  the  bending  moment  at  the  base  and  the  pull  on  the  anchor  bolts  would  be  red?iced 
to  zero.  In  practice  the  bracing  can  run  down  the  column  a  short  distance  only,  and  bending 
moments  will  occur  at  the  foot  of  the  bracing  and  at  the  base  of  the  column  As  a  result^ 
ihe  column,  acting  as  a  beam,  will  be  distorted,  and  a  point  of  contraflexure  will  occur  in  the 
unsupported  portion.     If  the  anchor  bolts  be  removed,  the  case  will  be  a  beam  supported  at 
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both  ends.  The  point  of  contraflexure  will  then  disappear  and  the  bending  will  be  largely 
increased. 

From  this  discussion  we  observe  the  following  important  facts :  Deep  bracing  and  strong 
anchorage  reduce  the  stresses  in  the  columns,  roof  trusses,  and  the  bracing  itself.  In  design- 
ing the  column  the  moments  at  the  base  and  at  the  connection  of  the  bracing  should  be  pro- 
vided for  in  the  section.  The  anchor  bolts  should  be  made  of  sufficient  section  to  thoroughly 
fix  the  column  at  its  base. 

The  analysis  for  Case  I  is  the  same  as  that  for  similar  cases  in  Art.  115,  of  Chap.  VII,  so 
far  as  the  reactions  at  the  base  of  the  columns  are  concerned.  The  analysis  of  Case  II  is 
given  in  Art.  151,  Chap.  X.  In  this  case  the  horizontal  and  vertical  reactions  act  at  the  point 
of  inflection,  as  found  in  Art  151,  and  the  remaining  analysis  is  the  same  as  that  in  Art.  115. 
In  the  analysis  for  these  reactions  as  shown  in  Plate  XXXII,  the  tops  of  the  posts  were 
assumed  to  remain  in  the  same  vertical  with  the  bottom,  and  the  ordinary  continuous  girder 
formuls  were  used,  as  is  graphically  shown  in  Fig.  449.    This  puts  the  point  of  inflection  too 
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low,  and  Increases  the  stresses  in .  the  knee-braces  and  roof  truss.  The  more  rigid  analysis 
given  in  Art.  151  should  be  used. 

After  the  horizontal  and  vertical  reactions  have  been  determined,  the  stresses  in  the  roof 
trusses  and  the  knee-braces  can  be  easily  found  graphically.  The  graphical  treatment  is  shown 
in  full  on  Plate  XXXII,  Fig.  2.  Taking  the  foot  of  the  windward  knee-brace  as  a  convenient 
starting-point,  the  force  polygon  is  constructed  as  follows  :  from  a  to  /to  ^-^^-/-jr-^^  to  a  to  close 
at  point  of  starting ;  the  polygon  being  made  up  of  the  wind  loads  and  the  horizontal  and 
vertical  reactions  mentioned  above.  The  shear  at  the  base  of  the  column  does  not  directly 
appear  in  the  force  polygon  or  in  the  stress  diagram,  but  its  equivalent  has  been  considered  in 
the  load  at  the  foot  of  the  knee-brace  and  in  the  shear  at  the  top  of  the  column. 

Notice  that  at  the  foot  of  the  windward  knee-brace  the  concentrated  wind  load  at  that 
point  must  be  deducted  from  the  load  P^  or  P,  to  find  the  net  horizontal  reaction  which  is  to 
be  used  in  the  force  ipoXygon  and  which  is  the  horizontal  component  of  the  stress  in  the  wind- 
ward knee-brace. 

The  analysis  for  the  horizontal  action  of  crane  loads  is  similar  to  that  given  for  wind, 
except  that  it  is  simpler,  as  there  are  fewer  loads  to  deal  with;  therefore  it  is  not  necesjwrv 
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to  give  the  analysis  for  this  class  of  forces,  but  in  practice  the  maximum  stresses  arising  from 
either  wind  or  crane  loads  should  be  provided  for,  considering  such  part  of  the  crane  load  as 
may  be  deemed  proper  for  the  bent  under  consideration. 

486.  Systems  of  Bracing. — Mill  buildings  should  be  thoroughly  braced  to  resist  the 
action  of  horizontal  forces  and  to  keep  them  properly  lined  up.  For  this  purpose  longitu- 
dinal and  transverse  bracing  in  a  vertical  plane  and  lateral  bracing  in  a  horizontal  plane  are 
required. 

Ventilator  Bfacing, — ^There  should  be  a  strut  running  from  the  top  of  each  ventilator 
post  to  the  ridge  of  the  main  roof  truss,  to  prevent  distortion  of  the  ventilator  frame.  Ver- 
tical longitudinal  bracing  is  needed  in  the  sides,  and  at  the  centre  line  of  ventilators,  to  keep 
the  frames  upright  and  parallel.  When  swinging  windows  are  placed  in  sides  of  ventilators 
the  bracing  there  must  be  omitted,  and  replaced  by  stiff  bracing  fastened  to  the  ventilator 
purlins. 

Rafter  Bracing. — The  purpose  of  this  bracing  is  to  keep  the  trusses  from  overturning, 
and  it  should  be  strong  enough  to  resist  the  action  of  the  wind  on  the  gable  end  of  the  roof. 
This  bracing  may  be  omitted  in  alternate  bays. 

Bottom  Chord  Bracing. — The  purpose  of  this  bracing  is  to  keep  the  columns  in  line  and 
to  distribute  concentrated  loads. 

Vertical  Bracing  between  Columns  should  be  provided  to  transmit  to  the  foundations  all 
stresses  due  to  horizontal  forces.  The  greater  the  depth  of  this  bracing  for  given  length  of 
column,  the  less  will  be  the  resulting  stresses  in  the  columns,  trusses,  and  in  the  bracing  itself. 
Usually  it  may  come  down  to  a  point  eight  to  ten  feet  from  the  ground.  The  bracing  in  the 
sides  takes  the  longitudinal  thrust  of  the  wind  and  crane  loads,  and  the  bracing  in  the  ends 
resists  the  part  of  the  transverse  action  of  those  loads  received  through  the  bottom  chord 
bracing. 

It  will  be  well  to  consider,  in  a  general  way,  the  action  of  the  wind  and  crane  loads  on 
these  systems  of  bracing  in  the  sides  and  ends  of  a  building.  Both  of  these  classes  of  forces, 
if  allowed,  would  act  on  the  structure  in  the  same  general  manner ;  but  the  different  condi- 
tions under  which  they  are  applied  warrant  the  provision  of  separate  systems  of  bracing  to 
transmit  them  to  the  foundations.  It  is  impracticable,  in  long  buildings,  to  make  the  bottom 
chord  bracing  heavy  enough  to  carry  the  cumulative  wind  loads  from  the  successive  panels  to 
the  ends  of  buildings.  It  is,  therefore,  necessary  that  each  intermediate  bent  should  resist  its 
own  wind  load  and  a  portion  of  the  distributed  crane  loads.  To  do  this  knee-braces  are  pro- 
vided at  each  bent,  running  from  bottom  chord  to  column.  The  conditions  of  head  room 
allow  the  knee-brace  to  extend  down  the  column  a  short  distance  only,  and  the  resulting 
stresses  from  the  wind,  as  has  been  shown  in  the  diagram,  are  large  in  the  trusses  and  columns 
and  in  the  knee-braces  themselves.  These  members  should,  therefore,  be  made  abundantly 
strong  to  resist  these  stresses.  The  uniform  wind  loads  having  been  provided  for,  the  crane 
loads  and  other  local  loading  only  remain  to  be  considered.  The  bottom  chord  bracing  must 
take  these  loads  and  distribute  them  to  the  adjacent  bents,  transmitting  the  residue,  if  any, 
to  the  vertical  bracing  in  the  ends  of  the  building.  This  is  an  economical  arrangement,  since 
the  maximum  crane  stresses  occur  simultaneously  in  two  or  three  panels  only,  and,  conse- 
quently, are  not  seriously  cumulative.  Crane  stresses  are  occurring  constantly,  and  their 
repeated  action  would  be  a  severe  test  upon  the  rigidity  of  the  structure  if  each  bent  were 
required  to  resist  the  stresses  from  loads  in  the  adjacent  panels.  On  the  other  hand,  large 
wind  loads  occur  rarely,  and  the  individual  bent  can  withstand  them  without  injury.  We  do 
not  mean  to  say  that  in  practice  the  wind  will  be  taken  by  the  individual  bents  ana  the  crane 
loads  by  the  bottom  chord  bracing,  because  there  is,  necessarily,  some  uncertainty  as  to  the 
distribution  of  these  loads ;  but  the  bottom  chord  bracing  will  have  served  its  purpose  if  it 
relieve  individual  bents  of  the  racking  effect  of  concentrated  loads. 
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487.  Types  of  Roof  Trusses. — Sections  and  Details. — While  there  are  several  typc«  of 
roof  trusses  well  adapted  to  mill  buildings,  probably  the  one  in  most  common  use  is  the 
"  French  "  roof  truss.  This  truss  is  simple  in  design  and  suitable  for  either  light  or  heavy 
construction.  Whatever  the  type,  it  is  always  best  to  make  the  bottom  chord  of  the  truss 
straight,  except  when  the  conditions  of  head  room  require  it  to  be  raised. 

Irrespective  of  the  type  of  roof  truss,  there  are  two  radically  diflFerent  styles  of  con 
struction  which  may  be  used:  one  is  pin-connected  and  the  other  is  riveted  work  throughout. 
While  there  is  a  lai^  variety  of  sections  from  which  to  choose  in  the  riveted  style,  the 
T-shaped  section  is  most  commonly  used.  This  is  composed  of  two  angles  placed  back  to 
back,  with  or  without  a  single  web  plate  between.  This  form  of  section  may  be  used  for 
both  tension  and  compression  members.  A  single  flat  bar  may  be  used  for  the  smaller 
tension  members.  Roof  trusses  built  in  this  manner  lack  somewhat  in  rigidity  and  lateral 
stiffness. 

In  the  all-iron  type  of  building — ^that  is,  where  the  roof  trusses  rest  directly  upon  the 
columns — rigidity  and  stiffness  are  important  factors,  and  the  construction  shown  in  Fig.  i. 
Plate  XXXIII,  is  frequently  used  with  satisfactory  results.  In  this  case  the  compression  mem- 
bers are  made  up  of  two  channel-bars  turned  back  to  back  and  latticed,  forming  a  box  section, 
For  members  subject  to  tension  only  loop-eye  rods  are  used.  The  truss  is  pin-connected 
throughout.  Upon  examination  of  the  figure,  it  will  be  observed  that  all  the  connections  are 
readily  made,  and  that  the  details  are  simple  in  design.  But  little  riveting  is  required,  the 
shop-work  can  be  easily  and  quickly  turned  out,  and  the  building  rapidly  erected  in  the  field. 
The  bottom  chords  of  the  trusses  will  stand  heavy  loads  in  bending,  and  afford  especially  good 
connections  for  jib-cranes  and  lateral  bracing.  The  roof  trusses  have  such  strength  and  rigidity 
as  to  impart  stiffness  to  the  entire  building.  This  style  of  construction  is  well  adapted  to 
both  light  and  heavy  buildings. 

There  is  another  style  of  construction  suitable  for  heavy  work  only,  which  is  quite  as 
rigid  as  the  one  just  mentioned.  In  this  the  top  and  bottom  chords  are  of  box  sections,  and 
made  up  of  plates  and  angles  instead  of  channels.  The  web  members  have  an  I  shape,  and 
are  made  up  of  four  angles  placed  back  to  back  in  pairs  and  latticed.  All  the  truss  members 
are  stiff  and  may  have  either  pin  or  riveted  connections. 

When  these  built  sections  are  used  with  riveted  connections,  the  shop-work  is  somewhat 
less  expensive  than  for  the  pin-connected  channel  construction.  When,  however,  pin  connec- 
tions are  to  be  used  for  both  styles  of  construction,  the  channel  sections  require  less  shop-work 
and  afford  simpler  details  than  the  built  sections. 

Roof  columns  and  light  crane  columns  may  be  constructed  of  Z  bars,  channels,  or  plates 
and  angles,  but  for  simplicity  of  details  the  channel  columns  are  to  be  preferred  to  all  others. 
For  heavy  crane  columns,  however,  it  may  be  necessary  to  use  plates  and  angles  to  secure  a 
column  of  sufficient  width. 

Referring  again  to  roof  trusses,  whatever  style  of  construction  is  used,  the  following  points 
should  be  well  considered  :  The  trusses  must  be  designed  to  withstand  the  maximum  stresses 
produced  by  any  possible  combination  of  vertical  and  horizontal  loads  or  by  the  vertical  loads 
alone.  The  bottom  chords  of  trusses  should  be  made  stiff  enough  to  take  both  the  tension 
and  compression  to  which  they  are  subjected  as  well  as  the  bending  from  local  loads.  They 
must  afford  a  convenient  connection  for  the  longitudinal  struts  in  the  bottom  chord  bracing 
in  fact,  they  are  themselves  important  struts  in  that  system  of  bracing. 

488.  Columns  and  Girders  for  Travelling-cranes. — Track  girders  for  light  travelling 
cranes  may  be  supported  on  brackets  on  the  roof  columns ;  but  as  this  arrangement  gives  an 
eccentric  loading,  it  is  better,  for  heavy  cranes,  to  provide  a  separate  column  to  carry  this  load. 
To  prevent  unequal  settlement,  the  crane  columns  and  roof  columns  should  stand  on  the  same 
base.     The  connection  between  these  columns  should  be  rigid,  so  that,  as  far  as  possible,  they 
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may  act  as  one  member.  The  girders  must  be  thoroughly  connected  to  the  crane  columns 
and  braced  laterally  to  the  roof  columns.  Knee-braces  from  crane  columns  to  girders  give 
longitudinal  stiffness.  For  track  girders  I  beams  or  plate  girders  are»  preferable  to  lattice  gir- 
ders. Long,  heavy  girders  should  have  the  box  section,  with  diaphragms  at  intervals  between 
the  webs.     (See  Plate  XXXIII,  Fig.  5.) 

Rails  for  Track, — In  order  that  the  ah'gnment  of  the  track  may  be  true,  it  is  best  to  drill 
:he  holes  for  rail- fastening  with  girders  in  position  and  the  rails  lined  up.  Oak  packing  is  fre- 
quently  put  under  the  rails  and  at  the  girder  seats  to  insure  smoothness  in  the  running  of  the 
cranes.  Several  rail  sections,  with  method  of  fastening,  are  shown  on  Plate  XXXII.  Details 
of  crane  columns  and  track  girders  are  shown  on  Plate  XXXIII,  Fig.  5. 

489.  Details  of  Construction. — Splices  and  Connections. — Members  subject  to  tension 
and  compression  should  have  their  splices  and  end  connections  made  to  resist  the  maximum 
stresses  of  both  kinds.  When  bending  stresses  occur,  they  should  be  considered  in  designing 
the  splices;  this  necessitates  both  flange  and  web  splices.  As  an  example,  the  splices  in  the 
bottom  chord  of  the  roof  trusses  should  be  able  to  develop  the  full  strength  of  that  member 
in  tension,  compression,  and  bending.  The  splice  at  the  ridge  of  the  roof  truss  has  to  resist 
the  horizontal  thrust  from  the  rafters  and  any  vertical  shear  which  may  arise  from  unsym- 
metrical  loading.  It  is  well  to  remember  that  the  wind  is  an  important  case  of  unsymmetrical 
loading.  In  addition,  provision  must  be  made  to  introduce  into  the  rafters  the  stresses  from 
the  v/eb  members  which  meet  at  this  point* 

The  connection  of  roof  trusses  to  columns  has  to  resist  large  horizontal  and  vertical 
stresses.  In  the  analysis  given  for  wind  in  Case  I,  shown  on  Plate  XXXII,  the  horizontal  shear 
on  the  leeward  side  is  40,<XX)  pounds  and  the  upward  pull  from  the  roof  truss  is  22,000  pounds, 
which  gives  a  resultant  of  about  46,000  pounds  to  be  resisted  by  the  connection.  This 
resultant  is  net,  that  is,  exclusive  of  the  25,000  pounds  dead  load  from  the  rafter.  On  the 
windward  side  there  occurs  a  resultant  of  55,000  pounds  from  wind  alone,  or  70,000  pounds 
from  wind  and  dead  loads  combined.  The  style  of  connection  determines  whether,  on  the 
windward  side,  the  larger  or  the  smaller  resultant  should  be  provided  for. 

Column  Base$. — The  gusset  plates  and  bracket  angles  at  the  foot  of  the  column  have 
several  important  duties  to  perform,  which  require  them  to  be  thoroughly  connected  thereto. 
They  assist  in  distributing  the  column  loads  to  the  base-plate;  they  give  stability  to  the 
column  by  broadening  its  base,  and  furnish  a  connection  for  the  anchor  bolts.  The  base- 
plate should  be  large  and  strong  enough  to  distribute  to  the  pier  ttie  loads  received  from  the 
enlarged  column  base.  The  anchor  bolts  should  pass  through  the  bracket  angle,  and  at  the 
same  time  be  placed  as  far  from  the  centre  line  of  the  column  as  practicable.*  They  should 
be  anchored  in  the  masonry  sufficiently  to  develop  the  full  strength  of  the  bolts.  Large 
anchor  bolts  should  be  built  deeply  into  the  masonry  ;  small  anchor  bolts,  however,  may  be 
roughened  or  split  and  wedged  and  set  in  drilled  holes,  with  hydraulic  cement,  lead,  or  sul- 
phur.    (See  Plate  XXXII,  Fig.  I.) 

Piers, — The  masonry  piers  for  supporting  the  columns  should  be  of  sufficient  dimensions, 
weight,  and  strength  to  resist  the  vertical  loads,  the  horizontal  thrust,  and  the  overturning 
action  from  the  column.  They  should  extend  well  below  the  frost  line  and  reach  a  firm 
bottom.  If  necessary,  concrete  or  piles  may  be  used  to  secure  a  suitable  foundation.  To 
'secure  a  uniform  distribution  of  the  column  loads,  the  piers  should  be  provided  with  a  cap 
consisting  of  either  a  single  stone  or  a  cast-iron  plate.  If  the  stone  be  used,  it  should  be  large 
enough  to  give  a  margin  all  around  the  column  base  equal  to  one  third  of  its  thickness,  which 
latter  should  be  at  least  one  third  its  largest  dimension. 


*  This  connection  cannot  possibly  develop  the  full  bending  resistance  of  the  column.  Vertical  angles  riveted  to 
the  base  of  the  column,  with  a  top  plate  to  receive  the  nut  of  the  bolt,  is  to  be  preferred  if  the  column  is  assumed  to  bo 
fixed  in  position  at  bQUom.    (See  Figs.  426  and  434.)-- J.  B.  J. 
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Purlins, — Angles,  Z  bars,  or  I  beams  may  be  used  for  roof  purlins,  with  or  without  trussing. 
Single  channels  do  not  have  sufficient  lateral  stiffness  to  make  good  purlins.  Several  styles 
of  trussed  purlins  are  shown  on  Plate  XXXVII,  Figs,  i,  2,  and  3.  Fig.  2  shows  a  simple  and 
desirable  style  of  trussing,  using  star  shapes  and  flat  bars.  Fig.  i  shows  a  good  section  for 
a  long  and  heavily  loaded  purlin,  made  up  of  two  channels,  forming  a  box  section  and  held 
together  by  tie-plates.  Loop-eye  rods  are  used  in  the  trussing,  which  is  pin-connected.  Care 
should  always  be  taken  to  turn  the  shape  used  as  a  purlin  so  as  to  secure  the  greatest  vertical 
depth.  Figs.  5  and  6  show  respectively  the  correct  and  incorrect  method  of  placing  the 
purlin  upon  the  rafter.  Fig.  5  also  shows  the  method  of  bracing  I-beam  purlins  to  rafter  by 
the  use  of  bent  plates.  Purlins  act  as  longitudinal  struts  in  the  system  of  rafter  bracing.  At 
the  ridge,  under  ventilators,  no  purlins  are  required.  It  is,  therefore,  necessary  to  have  a  ridge 
strut  to  complete  this  system  of  bracing.  Long  purlins  are  liable  to  sag  in  the  plane  of  the 
roof.  Fig.  4  shows  a  method  of  holding  them  in  place  by  tie-rods  between  the  purlins  and 
running  from  ridge  to  eaves. 

Expansion. — Roof  trusses  resting  on  brick  wails  should  have  one  end  free  for  expansion. 
A  wall  plate,  for  a  sliding  surface,  should  be  used  for  spans  to  about  75  feet,  and  rollers  should 
be  provided  for  larger  spans.  Roof  trusses  resting  on  columns  must  be  attached  rigidly 
thereto,  no  provision  being  made  for  expansion.  It  is  customary  to  introduce  an  expansion 
panel  in  long  buildings,  at  points  100  to  150  feet  apart,  to  provide  for  longitudinal  expansion. 

Corrugated  Iron  Sheeting. — The  use  of  corrugated  sheeting  to  close  the  sides  and  ends  of 
buildings,  where  brick  walls  are  not  present,  has  already  been  mentioned.  It  is  used  as  well 
for  a  roof-coverjng,  and  has  the  advantage  of  being  cheap,  light  in  weight,  and  incombustible. 
Furthermore,  it  is  quickly  and  easily  put  on  and  readily  renewed.  Its  most  objectionable 
quality  is  its  liability  to  rust.  This  can  be  retarded  if  the  sheeting  is  kept  well  painted  on 
both  sides,  and  still  further  by  using  galvanized  sheeting.  Common  weights  of  sheeting  for 
roofs  are  Nos.  18  and  20,  and  for  sides  of  buildings  Nos.  20and  22.  For  No.  20  sheeting,  pur- 
lins should  be  spaced  not  over  6  feet  centres,  and  preferably  less  than  this. 

Lighting  and  Ventilation, — Ample  provision  should  be  made  for  lighting  and  ventilation. 
Windows  with  swinging,  sliding,  or  fixed  sash  may  be  introduced  in  the  sides  and  ends  of  the 
building  and  in  the  sides  of  ventilators.  Louvres  for  ventilation  may  replace  the  windows 
where  desired.  Additional  lighting  surface  can  be  obtained  by  the  introduction  of  skylights 
on  the  main  and  ventilator  roofs.  In  the  sides  of  a  building  which  has  brick  walls  it  is  a 
simple  matter  to  provide  6penings  for  windows  and  doors.  In  buildings  with  no  brick  walls, 
framework  between  the  columns  is  necessary  to  support  the  doors,  windows,  and  sheeting. 
This  framework  may  be  all  timber,  all  iron,  or  a  combination  of  iron  and  timber.  The  frame- 
work entirely  of  timber  is  suitable  for  light  buildings  only.  The  framework  entirely  of  iron  is 
required  in  buildings  where  combustible  material  is  prohibited.  In  the  latter  the  bracing  and 
framework  supporting  the  windows  are  of  structural  iron,  and  the  window  frames  and  sash  are 
galvanized  iron.  An  all-iron  frame  for  a  gable  is  shown  on  Plate  XXXVII,  Fig.  7.  The  com- 
bination timber  and  iron  framework  is  suitable  for  all  buildings  where  absolute  fire-proof  con- 
struction is  not  needed.  In  this  case  we  have  a  complete  system  of  iron  bracing  between 
the  columns.  The  main  girts  are  of  iron,  but  the  girts  and  posts  supporting  the  windows  and 
corrugated  iron  are  of  timber  and  are  introduced  between  the  main  girts  wherever  needed. 
This  style  of  construction  is  shown  on  Plate  XXXIII.  In  the  all-iron  type  of  construction  the 
bracing  between  the  columns  is  frequently  stopped  8  to  12  feet  above  the  ground.  The  space 
below  the  bracing  may  be  left  entirely  open  or  closed  with  corrugated  sheeting  and  swinging, 
sliding,  or  lifting  doors. 

General  Conclusions. — In  the  design  of  mill  buildings  of  the  present  day,  it  seems  to  the 
writer  that  there  are  certain  stresses  incident  to  the  every-day  operation  of  the  mill  which  do 
not  receive  proper  recognition.     We  can  with  profit  make  a  comparison  of  the  design  of  th^ 
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mill  building  with  that  of  the  railroad  bridge,  since  in  general  the  same  principles  apply  to 
both.  In  the  latter,  provision  is  made  for  certain  secondary  stresses,  such  as  impact,  wind, 
and  centrifugal  force.  In  addition,  the  probable  increase  in  loading  during  the  life  of  a  struc- 
ture is  considered.  In  like  manner,  we  have  in  the  mill  certain  secondary  stresses  due  to  the 
action  of  cranes  and  wind,  of  equal  importance.  The  question  of  the  future  increase  in 
loading  of  the  mill  building  should  be  given  the  same  attention  as  it  receives  in  bridge 
construction.  We  have  already  considered  the  action  of  these  secondary  forces  upon  the 
building,  and  have  shown  that  they  must  be  provided  for  by  the  use  of  liberal  sections  and 
suitable  bracing  in  order  to  secure  rigidity.  The  uncertainty  respecting  the  increase  in  loading 
which  future  conditions  may  dictate  for  the  structure  is  especially  marked  in  the  case  of  ex- 
tensive plants,  in  which,  on  account  of  rapid  development,  radical  changes  are  not  unusual. 
While  the  writer  would  not  be  understood  to  advocate  the  introduction  of  material  in  members 
throughout  the  structure  regardless  of  their  present  or  probable  future  requirements,  he  does 
hold  that  in  the  long-run  it  is  economy,  in  the  case  of  permanent  structures,  to  provide  not 
only  for  loads  which  it  is  known  will  occur,  but  for  those  which  experience  teaches  are  within 
a  reasonable  range  of  probability.  The  objection  to  all  this  is  that  it  costs  money,  but  small 
first  cost  is  not  always  true  economy.  A  cheap  building  will  in  time  cost  enough  for 
repairs  and  remodelh'ng  to  make  it  an  expensive  investment.  Furthermore,  delays  in  the 
operations  of  the  mill,  which  are  liable  to  result  from  weak  and  faulty  construction,  are  at 
best  expensive  drawbacks,  and  frequently  are  far-reaching  in  their  consequences. 

A  principle  well  worth  noting,  and  one  which  argues  strongly  in  favor  of  designing  for 
liberal  loada^  may  be  stated  in  this  connection :  After  the  material  has  been  provided  to  make 
a  structure  strong  enough  to  carry  a  moderate  loading,  the  introduction  of  a  reasonable 
amount  of  extra  material  will  give  an  increase  in  carrying  capacity  which  is  entirely  out  of 
proportion  to  the  expense  incurred  for  such  increase. 

In  conclusion,  we  may  say  that  the  three  most  essential  factors  in  the  design  and  con- 
struction of  mill  buildings,  named  in  the  order  of  their  importance,  are  strength,  simplicity, 
and  economy. 

The  accompanying  plates  (XXXII  to  XXXVII)  represent  several  types  of  structures 
recently  erected  in  the  vicinity  of  Pittsburg.*  They  are  largely  self-explanatory  and  need  no 
further  description  in  the  text. 

ANALYTICAL  TREATMENT. 

49<>'  Analysis  for  Wind. — The  following  is  a  brief  statement  of  the  conditions  assumed 
and  the  methods  employed  in  the  analysis  for  wind  stresses.  The  reactions,  shears,  and 
moments  are  determined  analytically  ;  the  resulting  stresses  in  the  knee-braces  and  roof  trusses 
are  determined  graphically,  as  shown  on  Plate  XXXII. 

Case  I  in  the  accompanying  sketch  represents  the  loads,  shears,  and  moments  for  column 
hinged  at  base  and  acting  as  a  simple  beam  supported  at  both  ends. 

Case  II  represents  the  loads,  shears,  and  moments  for  column  rigidly  fixed  in  direction  at 
base  by  anchor  bolts  and  acting  as  a  beam  fixed  at  one  end  and  supported  at  the  other. 

NOTATION. 

Known  Terms: 

b  =  span  of  roof ; 
/=  length  of  beam  or  column ; 

a  =  distance  from  base  of  column  to  foot  of  knee-brace  or  to  the  point  of  application 
of  the  load  P,  or  P^  \ 

•  The  authors  are  indebted  to  the  courtesy  of  the  management  of  the  Keystone  Bridge  Works  for  the  drawings  of 
work,  constructed  by  them,  from  which  these  details  were  selected. 
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5.= 


a 

I 

the  horizontal  component  of  reaction,  or  shear,  at  base  of  column  when  hinged  at 
base.     Case  I ; 

horizontal  component  of  reaction  or  shear  at  base  of  column  when  fixed  at  base- 
Case  II ; 

5,  =  one  half  external  horizontal  force. 


a 

Si  =  shear  at  top  of  column  when  hinged  at  base  =  •S,  r^ 
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Fig.  450. 

Unknown  Terms: 

SJ  =  shear  at  top  of  column  when  fixed  at  base ; 

P^  =  horizontal  thrust  or  load  at  foot  of  knee-brace  due  to  the  leverage  action  of  the 

column  when  hinged  at  base  ; 
P^  =  horizontal  thrust  or  load  at  foot  of  knee-brace  due  to  the  leverage  action  of  the 

column  when  fixed  at  base; 
M^  =  bending  moment  at  the  foot  of  column  when  fixed  at  base; 
MJ  =  moment  at  any  section  of  column  distant  x  from  the  base,  for  column  hinged  at 

base ; 
MJ^  =  moment  at  any  section  of  column  distant  x  from  the  base,  for  column  fixed  at  base  ; 
M/=  moment  in  column  at  foot  of  knee-brace  =  maximum  bending  moment  for  col- 
umn hinged  at  base ; 
JI//'=  moment  in  column  at  foot  of  knee-brace  =  maximum  bending  moment  for  col- 
umn fixed  at  base ; 
M=  the  sum  of  the  moments  of  the  horizontal  wind  loads  above  any  point  in  the  axis 
of  either  column  distant  x  above  the  base,  which  is  taken  as  the  centre  of 
moments ;  note  especially  that  this  is  a  variable  quantity,  its  value  depending 
upon  the  height  of  the  point  taken  as  the  centre  of  moments ; 
Pj  =  the  vertical  reaction  at  either  column  due  to  the  overturning  action  of  the  wind 

on  one  entire  side  of  building  and  roof  for  columns  hinged  at  the  base ; 
K,  =  the  vertical  reaction  at  either  column  due  to  the  overturning  action  of  the  wind 

on  gn^  entire  side  of  building  and  roof  for  columns  fixed  at  base« 
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FORMULAE. 

491.  Case  I.* — For  columns  hinged  at  the  base  and  considered  as  a  simple  beam  sup- 
ported at  both  ends : 

':-^,- ■ (0 

p.  =  -^  ; (2a) 

M','Z»=S,x;       (3) 

-*/■'*>«  =  S,x  —  P,{x  —  a)\ (3rt) 

^^>«  =  5/(/ -  ^) ; (3*) 

^/  =  i>; (4) 

M^  =  S,y  -a) {4a) 

fw  ^m  ^  hon  comp,  of  wind  force  on  one  panel  of  building  and  roof  X  j  total  height 

r.—  ^-  1  .    (5) 

This  vertical  reaction  is  constant  throughout  the  column  up  to  the  knee-brace.  Above 
that  point  it  is  increased  or  diminished  by  the  vertical  component  of  the  stress  in  the 
brace. 

492.  Case  Il.t— For  columns  rigidly  fixed  at  the  base  and  considered  as  beams  fixed  at 
one  end  (the  base)  and  supported  at  the  other  (the  top) : 

^.  =  ^—^[2^-3^  +  ^; (6) 

♦  In  the  analysis  for  this  case  the  column  has  been  considered  as  a  beam  with  unyielding  supports;  strictly  this 
condition  win  not  be  realized,  for  as  the  top  of  the  column  deflects  to  ihe  leeward,  the  support  at  ihat  end  will  yield 
an  equal  amount,  and  the  resulting  stresses  will  be  somewhat  largrer  than  found  bv  the  analysis.  However,  this 
increase  is  in  a  measure  counteracted  by  the  condition  of  partial  fixedness  at  the  top  of  the  column,  which  has  been 
disregarded  in  the  analysis. 

t  The  following  analysis  is  proximate.  It  assumes  that  the  top  of  the  building  does  not  deflect  laterally.  The 
rigid  s^naljrsis  for  the  general  case  is  found  in  Art.  412,  and  for  the  case  here  assumed  in  Ar^,  T51.— J.  B.  J. 
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of  taking  moments  about  the  base  of  column,  we  may  write,  in  terms  of  P^  and  5,', 

J/.  =  -  P,a  +  5.7; (6^) 

J/-,<,  =  -^.4-5^; (7) 

M\^a^-M,^S^-Plx^aY (7,1) 

at  ooint  of  contraflexure  M^  =  —  Af,  +  ^^  =  o,      and 

J/ 
^  =  -~  =  distance  from  base  of  column  to  point  of  contraflexure ;    •    ,     .    .  {j^t 

Of  independently  in  terms  of  S','  we  may  write 

if"x>.  =5.'(/-*); (7*) 

if",<.  =:5.'(/-;r)-i^(<i-*); (7</) 

if."  -  -  iW.  +  .s.*  ;■ (8) 

M:'^S:{l-a)i (8fl) 

-S.  =  ^[a*-3^  +  iP]  +  /'/i-*). (9)* 

Solving  eq.  (9)  for  /\ , 

'^  -  (2/6  -  3>6»  +  ^)  +  2(1  -  i) ^' 

4;'--yf^*-3^  +  ^  +  /'/-' (10) 

The  vertical  reaction  V^  is  best  found  for  the  point  of  contraflexure,  and  this  is  then  the 
vertical  stress  in  the  post,  from  wind,  from  the  base  to  the  foot  of  the  knee-brace.  While  the 
vertical  reaction  could  be  found  by- passing  a  horizontal  section  through  both  columns  at  an)' 
elevation,  and  summing  the  moments  of  the  external  forces  on  either  side  of  this  section,  we 
would,  in  general,  have  to  include  in  these  moments  the  bending  moments  at  this  section  in 
the  two  columns  cut.  Taking  the  section  through  the  points  of  contraflexure,  however, 
we  obtain 

m  M 

F,  =  -T-  at  point  of  contraflexure  or  when  x  s=  — •,    ,    ,    .    ,    .    (n) 

or,  so  far  as  the  overturning  action  of  the  wind  on  the  building  is  concerned,  the  columns  have 

M 
virtually  been  shortened   by  the  amount  x  =  ^,  which  is  the  distance  from  the  base  o^ 

*  Equations  (6),  (9),  and  (10)  are  expressions  for  a  beam  fixed  at  one  end  and  supported  at  the  other,  referred  to 
the  origin  of  co-ordinates  at  a  point  over  the  support  at  the  fixed  end^  and  can  be  found  in  text-books  on  the  subject, 
and  can  be  derived  from  the  formulae  jjiven  in  Art.  13T.  Valuable  tables  for  the  easy  solution  of  these  equations  are 
given  in  Howe's  *'  The  Continuous  Girder."  {Engineerijis^ News  Pub.  Co.,  i88q.)  The  other  equations  under  Case  I! 
and  all  the  equations  for  Case  \  Q^n  b^  wrjtten  directly  from  a  cop8|49raUop  of  tbe  external  forces^  and  recjuire  qq 
extended  deiQonstratioii. 
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column  to  the  point  of  contraflexure.  In  fact,  an  examination  of  the  several  equations  for 
moments,  shears,  and  horizontal  reactions  will  show  that  Case  II  becomes  in  all  respects 
Case  I,  with  the  base  of  column  moved  up  to  the  point  of  contraflexure. 

This  can  also  be  shown  by  an  inspection  of  the  moment  and  shears  diagrams  on  Plate  I. 
This  is  true  not  only  for  the  moments  and  shears  for  the  part  of  the  column  above  the  point  of 
contraflexure,  but  also  for  the  stresses  in  trusses  and  knee-braces.  There  will  occur,  however, 
below  the  point  of  contraflexure,  shears,  and  a  negative  bending  moment,  of  which  the  action 
on  the  column  and  pier  must  be  considered. 

In  the  above  formulae,  several  expressions  have  been  given  for  the  values  of  V^  and  F,. 

For  a  given  analysis,  however,  only  one  of  these  expressions  need  be  used  ;  the  position 
taken  for  the  centre  of  moments  determining  which  formula  shall  be  chosen. 

For  an  analysis  under  Case  I,  for  columns  hinged  at  the  base,  formulae  (i),  (2),  (4),  and 
(5)  only,  need  be  used;  and  for  an  analysis  under  Case  II,  formulae  (6),  (8),  (9^),  (10),  and 
(i  \d)  only,  are  required.  The  supplementary  formulae  may  be  used  as  substitutes  for  those 
first  named  when  so  desired. 

The  horizontal  reaction  or  shear  at  the  base  of  a  column  is  a  known  quantity;  it 
remains  the  same  whether  the  columns  are  hinged  or  rigidly  fixed  at  the  piers.  For 
the  two  columns  of  a  bent  it  is  equal  to  the  horizontal  component  of  the  wind  on  one 
panel  of  the  building  and  roof.  This  total  shear  or  reaction  is  assumed  to  be  equally 
distributed  between  the  two  columns.  The  wind  loads  are  considered  concentrated,  and  the 
concentration  at  the  foot  of  the  column  is  disregarded  in  the  analysis  of  stresses  in  trusses 
and  columns,  but  is  considered  in  the  calculation  for  anchor-bolts,  masonry,  etc. 

493.  External  Forces. — The  columns  in  deflecting  from  the  wind-loads  have  a  leverage 
action  producing  certain  horizontal  reactions  at  the  foot  of  the  knee-braces  and  at  bottom 
chord  of  roof  truss,  which  must  be  considered  as  external  forces,  in  finding  the  vertical  reac- 
tions and  in  the  analysis  for  stresses  in  the  knee-braces  and  roof  truss. 

494.  Vertical  Reactions  from  Horizontal  Forces. — Taking  the  centre  of  moments  at 
any  point  in  the  axis  of  either  column  the  vertical  reaction  at  the  opposite  column,  in  any 
case  is  equal  to  the  algebraic  sum  of  the  moments  of  all  the  external  forces  above  or  below 
this  point  plus  the  sum  of  the  moments  in  the  two  columns  themselves  at  this  horizontal  plane, 
divided  by  the  span  of  the  building.  The  centre  of  moments  may  be  taken  at  any  point  in 
the  axis  of  the  column,  but  the  most  convenient  points  are  at  the  base  of  the  column,  at  the 
point  of  contraflexure,  and  at  the  foot  of  the  knee-brace.  When  taken  at  this  point  of  contra- 
flexure the  moments  in  the  columns  themselves  disappear. 

495.  Vertical  Reactions  from  Vertical  Forces. — The  vertical  reaction  at  either 
column  resulting  from  the  vertical  components  of  the.  horizontal  wind-force  is  equal  to  the 
sum  of  the  moments  of  these  vertical  forces  about  a  point  in  the  axis  of  the  other  column, 
divided  by  the  span  of  the  building. 

For  analysis  in  which  only  the  horizontal  component  of  the  wind-force  is  dealt  with,  as 
in  Cases  I  and  II,  the  vertical  reactions  resulting  from  the  horizontal  component  only  need 
be  considered.  When,  however,  as  in  Case  V,  the  analysis  is  made  for  the  horizontal  and 
vertical  components  of  the  resultant  normal  wind  pressure,  the  algebraic  sum  of  the  corre- 
sponding vertical  reactions  must  be  considered.  In  all  cases  the  wind  and  dead  load  stresses 
have  been  determined  separately  for  the  purpose  of  comparison  and  to  locate  the  alternating 
stresses.  To  determine  the  net  stresses  in  the  members  and  the  resultant  overturning  action 
on  the  building,  the  stresses  and  reactions  for  dead  and  wind  loads  must  be  combined 
algebraically. 

496.  Analytical  Process  for  Case  I. — Find  5, ,  the  shear  at  the  base  of  the  column,  and 
substitute  its  value  in  equations  (i),  (2),  rfnd  (4).  Solve  (i)  for  5/,  the  shear  at  the  top  of  the 
column,  Solve  (2)  for  P^,  the  horizontal  load  at  the  foot  of  the  knee  brace.  Solve  (4)  for  M\, 
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the  maximum  positive  bending  moment  in  the  column.     This  bending  moment  occurs  at  the 
foot  of  the  knee-brace. 

Find  f»,  the  sum  of  the  moments  of  the  horizontal  wind  loads,  taking  the  foot  of  one  of 
the  columns  as  the  centre  of  moments  (see  nomenclature),  and  divide  by  by  the  span  of  the 
building ;  this  gives  F, ,  the  vertical  reaction  at  the  foot  of  either  column  due  to  the  horizontal 
component  of  the  wind  force,  as  shown  in  equation  (5). 

497.  Analytical  Process  for  Case  II. — Find  5,  the  shear  at  the  base  of  the  column, 
and  substitute  its  value  in  equation  (9^),  and  solve  for  P^  the  load  at  the  foot  of  the  knee- 
brace. 

Substitute  value  of  P,  in  (6)  and  (10),  and  solve  (6)  for  M^ ,  the  negative  bending  moment 
at  the  foot  of  the  column  ;  and  solve  (10)  for  5,',  the  shear  at  the  top  of  the  column.  Substi- 
tute values  of  M^  and  5,  in  (8),  and  solve  for  MJ\  the  maximum  positive  bending  moment  in 
the  column.  This  bending  moment  occurs  at  the  foot  of  the  knee-brace.  Finally  find  »»,  the 
sum  of  the  moments  of  the  horizontal  wind  loads  (see  nomenclature),  and  substitute  the 
values  of  m,  and  5/  in  (i  i^),  and  solve  for  F,,  the  vertical  reaction  at  foot  of  either  column  due 
to  the  horizontal  component  of  the  wind  force.  (See  paragraph  relating  to  "  Vertical  Reac- 
tions from  Vertical  Forces.**) 

498.  Graphical  Process  for  Cases  I  and  II. — The  action  of  the  horizontal  forces  on 
the  columns  has  now  been  fully  determined.  The  horizontal  and  vertical  reactions  have  also 
been  determined,  and  the  stresses  in  roof  trusses  and  knee-braces  can  be  easily  found  graph- 
ically. The  graphical  treatment  is  shown  in  full  on  Plate  XXXII,  Fig.  2.  Taking  the  foot  of 
the  windward  knee-brace  as  a  convenient  starting-point,  the  force  polygon  is  constructed  as 
follows  :  From  aXo  b  to  c-d-e-f-x-y-t  to  a  to  close  at  the  point  of  starting,  the  polygon  being 
made  up  of  the  wind  loads  and  the  horizontal  and  vertical  reactions  mentioned  above. 

The  shear  at  the  base  of  the  columns  does  not  directly  appear  in  the  force  polygon,  or  in 
the  stress  diagram,  but  its  equivalent  has  been  considered  in  the  load  at  the  foot  of  the  knee- 
brace  and  in  the  shear  at  the  top  of  the  columns. 

Notice  that,  at  the  foot  of  the  windward  knee-brace,  the  concentrated  wind  load  at  that 
point  must  be  deducted  from  the  load  P^  or  P^  to  find  the  net  horizontal  reaction  which  is  to  , 
be  used  in  the  force  polygon,  and  which  is  the  horizontal  component  of  the  stress  in  the  wind- 
ward knee-brace. 
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STRUCTURAL  STEEL   AND  GENERAL  SPECIFICATIONS. 

SOFT   STEEL   IN  BRIDGES* 

It  is  not  to  be  expected  that  a  bridge  specification,  prepared  at  this  time,  will  contain  much  that  is  new 
or  novel.  It  will,  no  doubt,  contain  something  of  the  individual  tastes  and  preferences  of  the  party  who  ex- 
pects to  use  it.  If  the  writer  is  fortunate  enough  to  include  the  approved  features  of  existing  specifications, 
a  new  idea  or  two  will  quite  suffice  for  novelty.  The  accompanying  specification  is,  in  fact,  a  revision  of 
an  older  one,  which  in  turn  derived  its  salient  features  from  the  well-known  specification  of  the  Keystone 
Bridge  Company.  It  is  not  the  writer's  purpose,  therefore,  to  enlarge  upon  the  subject-matter  in  any 
general  or  extended  way,  but  to  confine  his  remarks  chiefly  to  one  feature.  It  will  be  evident  to  any  one 
who  examines  the  unit  stresses  that  they  are  expressly  intended  to  put  soft  steel  on  at  least  an  equal  footing 
with  wrought-iron  and  medium  steel  \  and  the  idea  in  laying  the  specifications  before  the  Club  at  this  time 
was  to  have  this  feature  fully  discussed  for  mutual  benefit.  While,  therefore,  any  part  of  the  text  is  open 
for  criticism  or  suggestion,  the  steel  question  is  the  primary  one ;  and  to  that  alone  the  writer  proposes  to 
address  himself. 

There  are,  at  this  time,  three  grades  of  material  offered  to  engineers  for  structural  work-^viz.,  wrought- 
iron,  soft  steel,  and  medium  steel.  Of  these  we  are  using  wrought-iron  for  short  s(>ans  and  medium  steel 
for  long  spans,  while  the  soft  steel,  which  is  in  many  respects  the  best  grade  of  material  of  the  three,  we  are 
using  very  little :  and  there  seems  to  be  no  immediate  prospect,  under  existing  specifications,  of  extending 
its  use.  It  has  been  the  writer's  good  fortune  to  have  an  intimate  acquaintance,  at  first  hand,  with  the  charac- 
ter of  the  material  now  being  turned  out  by  our  manufacturers,  and  to  have  been  much  impressed*  in  conse- 
quence, with  the  idea  that  in  neglecting  to  use  soft  steel  we  are  doing  so  to  the  disadvantage  of  our  bridge 
structures,  and  that  it  is  really  important  to  give  it  a  standing  in  specifications  which  will  allow  it  to  be 
used  on  at  least  equal  terms  with  the  other  grades  of  material.  Our  wrought-iron  is  certainly  not  improv- 
ing in  quality,  and  in  certain  directions  it  is  distinctively  poorer  than  it  formerly  was.  In  the  manufacture 
of  steel,  however,  there  has  been  a  notable  improvement  in  quality  and  uniformity,  and  the  best  qualities  of 
soft  steel  now  leave  very  little  further  to  be  desired.  As  compared  with  wrought-iron,  we  have  a  material 
which,  with  15  per  cent  higher  ultimate  strength,  has  from  20  to  25  per  cent  higher  elastic  limit,  and  from 
50  to  60  per  cent  greater  ductility.  We  have  a  material  which  has  equal  strength,  ductility,  and  bending 
qualities,  lengthwise,  and  crosswise  of  the  material,  in  comparison  with  wrought-iron,  which  has  less 
strength  or  ductility  and  will  not  bend  across  its  grain.  We  have,  again,  a  material  which  has  no  fibre,  and 
which,  consequently,  has  less  disposition  to  tear  or  pull  out ,  and,  lastly,  we  have  the  fine  finish  and  sound, 
clean  metal  characteristic  of  steel,  in  comparison  with  the  rougher  finish  and  frequently  doubtful  welding  of 
wrought-iron. 

Now,  in  certain  well-known  specifications,  and  with  the  tacit  consent  of  many  engineers,  our  bridge 
builders  have  been  privileged,  for  several  years  past,  to  use  soft  steel  on  the  same  basis  as  wrought-iron.  At 
no  time,  however,  have  they  taken  advantage  of  this  privilege  to  any  great  extent,  and  it  seems  quite  uncer- 
tain whether  they  will  do  so.  We  get  a  little  soft  steel  occasionally  when  there  are  long  bars  to  be  rolled, 
which  can  be  gotten  out  easier  in  steel,  or  when  there  is  a  large  order  of  plates  that  can  be  rolled  more  eco- 
nomically, and  we  get  occasionally  pieces  of  steel  in  our  structures  for  other  purposes  ;  but  anything  like  a 
general  use  of  it  has  not  come  to  pass,  and  the  very  simple  reason  is  that  it  costs  more.  The  writer  has 
endeayored  to  learn  from  our  manufacturers  whether  the  relative  difference  between  wrought-iron  and  soft 
steel  would  be  likely  to  decrease  soon,  but,  so  far  as  he  has  been  able  to  ascertain,  none  of  them  are  prepared. 

•  —  ■ — 

*Thisdiscussion  is  adapted  from  a  paper  which  was  read  before  the  Engineers'Clnb  of  Philadelphia,  by  Mr.  F.  H. 
Lewis,  October  17,  1891.  Sec  also  paper  by  Mr.  Lewis  before  Engrs.  Soc  W.  Penn.,  in  Engineering  Newt^  April  25, 
1895  (Vol.  XXXIII,  p.  276). 

The  reader  is  referred  to  Prof.  Johnson's  Materials  of  Construction  (I897)  for  a  full  working  knowledge  of  all 
kinds  of  steel  and  oiher  kinds  of  building  material. 
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to  commit  themselves  on  this  subject.     It  seems  likely*  if  there  is  a  considerable  market  for  it,  under  stand. 
ard  specifications,  that  the  cost  will  be  reduced  to  that  of  wrought-iron,  or  lower;  but  k  also  seems  likely 
that  this  will  not  transpire  until  we  do  use  it  and  cheapen  it  by  making  a  market  for  it.     Within  the  last 
few  years  quite  a  number  of  engineers  have  evidently  formed  favorable  opinions  of  this  grade  of  material 
and  have  essayed  to  use  it,  but  under  conditions  which  do  not  seem  to  be  entirely  warranted.     In  one  or 
two  cases  they  are  reaming  it,  just  as  they  would  medium  steel;  but  this  can  hardly  be  r^;arded  as  an 
advantageous  procedure,  because,  first,  the  metal  is  not  of  a  character  adapted  to  reaming,  being  of  a  soft 
waxy  texture,  which  drags  on  a  tool  and  clogs  it,  making  more  expensive  work  than  medium  steel ;  and 
second,  we  are  not  warranted  in  figuring  it  at  high  enough  unit  stresses  to  cover   this  expense.    We 
might,  perhaps,  rate  the  unit  stresses  at  1 5  per  cent  higher  than  wrought-iron  ;  but  such  a  percentage  will 
certainly  not  (>ay  the  cost  of  reaming,  added  to  the  extra  cost  of  the  material.     Again,  several  engineers 
have  been  using  soft  steel  under  the  same  conditions  as  wrought-iron,  but  with  the  higher  stresses  which 
have  been  adopted  for  medium  steel.    It  is  an  open  question  whether  such  a  course  as  this  is  warranted  by 
the  facts  of  the  case.      It  is  not  necessary,  in  the  first  place,  to  figure  it  so  high  to  place  it  on  a  par  in  cost 
with  wrought-iron;  and  then  the  material  Is  certainly  not  of  equal  value  with  reamed  medium  steel,  for  the 
reasons,  first,  that  its  elastic  limit  and  ultimate  strength  are  both  lower,  and,  second,  because  reaming 
undoubtedly  adds  to  the  value  of  any  grade  of  steel,  or  of  wrought-iron,  for  that  matter. 

The  correct  solution  of  the  matter  would  appear  to  be  to  strike  a  balance  between  the  cost  of  soft  steel  in 
brieve  structures,  as  compared  with  wrought-iron  on  the  one  hand,  and  medium  steel  on  the  other,  and  to  rate 
it  accordingly  if  we  are  fully  warranted  to  do  so,  at  unit  stresses  high  enough  to  overcome  the  difference  in 
€9Si»    The  present  difierenoe  in  cost  between  wrought-iron  and  soft  steel  may  be  reckoned  about  as  follows : 

Cost  of  wrought-iron,  say 100 

Increased  weight  of  steel  2  per  cent 2 

Add  increased  cost  of  soft  steel  5  per  cent  (not  well  maintained) 5.1 


Total 107.1 

In  other  words,  the  cost  of  soft  steel  is  nominally  a  little  over  7  per  cent  higher  than  wrought-iron.  In 
the  shop  there  would  be  a  slight  saving  in  using  soft  steel  due  to  a  rivet  saved  here  and  there,  and  other 
small  savings,  provided  we  can  use  it  just  like  wrought-iron.  The  writer  takes  it  for  granted  that  the  pro- 
priety of  using  soft  steel,  having  an  average  ultimate  strength  of  58,000  pounds,  at  unit  stresses  in  compression 
10  to  15  per  cent  higher  than  wrought-iron,  will  not  be  seriously  questioned ;  that  is  to  say,  under  the  actual 

conditions  in  which  it  is  used  in  our  bridges,  or  with  values  of  —  not  exceeding  150.    The  propriety  of  using 

soft  steel  under  higher  unit  stresses  than  wrought-iron  hinges  then  upon  its  qualities  in  tension  in  flanges 
of  girders  and  in  the  tension  members  of  trusses ;  and  this  phase  of  the  subject  will  now  be  discussed  some- 
what at  length : 

Whether  Soft  Steel,  after  Punching,  constitutes  a  Good  Tension  Member. 

If  left  to  our  practical  shopmen,  there  would  probably  be  no  hesitation  whatever  on  this  score.  It  is, 
perhaps,  no  exaggeration  to  say  that  for  exacting  conditions  of  all  sorts  it  is  becoming  more  and  more  the 
practice  to  substitute  soft  steel.  It  is  being  used  for  latticing,  because  it  will  not  split ;  it  is  being  used  for 
the  hitch  angles  of  stringers  and  floor-beams,  because  it  will  not  crack ;  it  is  being  used  for  pin  plates  on 
suspenders^  and  in  various  other  ways  where  its  superior  qualities  have  been  practically  shown  to  practical 
men.  It  is  necessary  to  get  more  conclusive  evidence  than  this,  however,  and  the  presentation  of  this  evi- 
dence, as  I  have  been  able  to  collect  it,  follows  below.  The  writer  wishes  it  understood  at  the  outset  that 
in  nothing  which  follows  is  there  any  attempt  to  show  that  reaming  is  not  a  good  thing  per  se.  On  the 
contrary,  the  tests  given  below  show  that  it  generally  benefits  soft  steel  whenever  the  metal  is  over  |"  thick. 
It  is  well  to  state  this  very  c.zarly,  because  otherwise  the  discussion  might  hinge  on  the  relative  merits  of 
punching  and  reaming,  which  is  not  now  at  issue.     We  cannot  ream  soft  steel  and  use  it  economically. 

The  question  is  not,  therefore,  whether  punching  is  better  than  reaming,  but  whether  we  are  c^  fully 
warranted  to  punch  soft  steel  as  we  are  to  punch  wrought-iron.  We  are  punching  iron  for  all  conditions  of 
work ;  and  if  soft  steel  holds  its  value  after  punching  as  well  as  or  better  than  iron,  then  we  are  clearly  free  to 
use  it  in  the  same  way.    To  t.est  the  question  it  is  only  necessary  to  take  tested  samples  of  iron  and  steel, 
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and  after  punching  them  under  the  same  conditions,  again  test  them,  and  by  simple  rule  of  three  ascertain 
which  holds  its  value  best.  This  has  been  done  in  the  tables  which  follow.  Except  where  noted  in  the 
tables,  the  values  obtained  in  specimen  tests  are  always  rated  at  loo,  and  the  values  after  punching  are  rated 
by  percentage  from  this  basis. 

Table  I. 

U,  &  GOVERNMENT  TESTS  OF  RIVETED  LAP-JOINTS  AT  WATERTOWN  ARSENAL. 

Reports  of  1882-83. 

PUNCHED   HOLES. 


KiiKl  of  Joint. 

Grooved  Iron. 

Percentage- 

Grooved  Steel. 

Specimen. 

Specimen  Test. 

Net  Section 
of  Joint. 

• 

Specimen  Test. 

Net  Section 
of  Joint. 

Percentage. 

Ultii 

oate. 

Ultimate. 

f 

47.925 

43,230 

90 

55,765 

6o,250» 

F 

Single  lap 

C4 

45,520 
52,160 

95 
109 

«< 

59,240 

106 

Io"Xi"  plate  - 

te 

« 

54,930 

"5 

k 

Double  lap 

«f 
«« 

50.592 
49,950 

106 
104 

«« 

61,510 
60,300 

IIO 

108 

Mean  = 

103 

Mean  s 

108 

f 

47,180 

36,130 

77 

53,330 

55,215* 

<< 

41,750 

89 

<f 

65.460 

123 

w 

Single  lap     - 

« 

41,290 

87 

<f 

65,210 

122 

<» 

61,700 

131 

« 

73.394 

138 

10"  X  V  plate  . 

> 

<< 

58,510 

124 

<< 

73,970 

139 

f« 

48,450 

103 

I* 

62,800 

118 

>. 

Double  lap    * 

50,730 
46.255 

108 
98 

it 

64,720 
63,210 

I2X 
IT9 

V 

« 

46, 1 10 

98 

€t 

54.930 

103 

Mean  = 

102 

Mean  = 

lai 

( 

44,615 

31,100 

70 

57,215 

60,210 

105 

» 

Single  lap     •< 

31,395 

70 

<« 

49.590^ 

87 

K/'Xi"  plate  - 

\ 

35,650 
44,320 

80 
99 

47,530* 
64,60a 

113 

k 

Double  lap 

42.920 
46,400 

96 
104 

«« 
«f 

64.519 
68,920 

113 
120 

V 

it 

46,140 

104 

l< 

66,710 

118 

Mean  = 

89 

Mean  = 

109 

io"Xf"plaie   j 

Single  lap 
Double  lap     \ 

44,630 

<< 

«< 
•  ( 

34,680 

34,230 
43.580 
45,850 

78 

77 

98 

103 

52,445 
41 

*t 

14 

52.770* 
49,6io» 
69,680 
67.100 

»33 

128 

Mean  = 

89 

Mean  = 

131 

( 

Single  lap       \ 
Double  lap     ] 

46,590 

29,290 

63 

51.545 

39,970 

78 

I0"xr  plate   j 

(< 
<« 

30,730 
42,000 

66 
90 

<  4 
<< 

47,370 
48,970 

92 

95 

43,950 

94 

47.510 

92 

Mean  = 

78 

Mean  = 

"^ 

Did  not  rupture  the  plate. 


This  table  is  derived  from  a  series  of  tests  of  riveted  joints  which  appear  in  the  Government  Reports 
of  tests  made  at  the  Watertown  Arsenal.  In  this  series  of  tests,  with  which  many  members  are,  no  doubt, 
familiar,  steel  and  wrought-iron  were  compared  under  practically  the  same  conditions  through  a  long  series 
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of  tests  of  both  punched  and  reamed  material,  and  the  ultimate  strengths  of  the  samples  were  very  carefully 
determined  by  tests  on  grooved  specimens.  The  conditions  were  not  always  exactly  identical,  as  the  rivets 
were  sometimes  of  wrought-iron  and  sometimes  of  steel,  and  the  joints  failed  accordingly,  sometimes  by 
shearing  the  rivets  and  sometimes  by  tearing  the  plate.  I  have  endeavored*  however,  in  this  table  to  com* 
pare,  on  essentially  similar  terms  in  each  case,  the  behavior  of  the  wrought-iron  and  of  the  steel.  The 
table  includes  every  punched  test  in  the  series  which  failed  by  tearing  across  the  sheet,  and  also  includes  a 
few  tests  which  failed  by  shearing,  but  which  probably  developed  nearly  the  full  value  of  the  material 
These  last  tests  are  indicated  by  stars.  Unfortunately,  the  elastic  limit  was  not  determined  in  these  testa, 
and  no  comparison  can  therefore  be  made  between  the  elastic  limit  of  the  specimens  and  the  elastic  limit  of 
the  riveted  joints.  The  ultimates,  therefore,  only  are  compared,  and  the  relative  ultimate  strength 
developed  in  net  sections  at  the  joints  is  figured  out  in  the  columns  headed  "  Percentage  "  throughout  the 
table.  It  will  be  found  that  not  only  does  the  steel  show  less  loss  in  ultimate  strength  as  an  effect  of 
punching  than  the  wrought-iron,  from  an  average  of  these' tests,  but  in  every  identical  test,  with  one 
exception,  this  fact  is  also  true,  and  as  the  thickness  of  the  pieces  ranges  froms  ^*  up  to  ft",  the  series  is  very 
complete.  It  is  true  some  of  this  steel  is  a  little  softer  than  the  soft  steel  which  it  is  proposed  to  use  for 
bridge  structures ;  but,  on  the  other  hand,  the  iron  is  also  of  good,  soft  quality,  probably  boiler-plate  iron, 
as  the  tests  indicate  it  to  have  an  unusually  large  percentage  of  strength  across  the  grain.  It  would, 
therefore,  probably  give  better  results  than  ordinary  wrought-iron  would,  and  the  compcu'ison  is  therefore 
a  fair  one. 

[Note. — In  Table  la  are  given  the  results  of  tests  on  iron  and  steel  single-riveted  butt-joints  with  punched 
holes,  as  compared  with  the  strength  of  the  grooved  plates.  This  is  the  kind  of  riveted  joints  used  in 
structures,  and  hence  indicates  more  fully  the  relative  effect  of  punching  iron  and  steel  in  structural  work 
than  the  tests  in  lap-joints  given  in  Table  I. — Y  B.  J.J 


Table  Ia 


RELATIVE  STRENGTH  OP  IRON  AND  STEEL  SINGLE-RIVETED  BUTT-JOINTS  WITH 

PUNCHED  HOLES.* 


Diameter 
of  Rivet- 
holes. 

Pitch 

of 
Rivets. 

No.  of 
Tests. 

Iron  Plates. 

Steel  Plates. 

Thick- 
ness of 
Plate. 

Strength  of 

Grooved 

Plate. 

Strength  of 

Net  Section 

of  Riveted 

Joint. 

Excess 

Strength  of 

Joint. 

Per  cent 
of  Bzcess. 

Strength  of 

Grooved 

Plate. 

Strength  of 

Net  Section 

of  Riveted 

Joint. 

Excess 

Strength  of 
Joint. 

Percent 
ofBxcesBL 

ft  In. 
ft  in. 
ft  in. 
ft  in. 

ft  in. 
«in. 
iTftrin. 
I A  in. 

2  in. 

2  in. 
2iin. 
2iin. 

3 
3 
2 
3 

Pounds 
persq.  m. 

47,l8o 

44,615 
44,635 
46,590 

Pounds 
persq.  in. 

46,620 
46,270 
43,300 
42,020 

Pounds 
per  sq.  in. 

-  $60 
+  «.655 

-  1,335 
-4,570 

—  1.2 

+  3.6 

-3.1 

—  10.9 

53,330 
57,315 
53,445 
51,545 

62,000 
67.830 
62,380 

54,435 

+  8,670 
+  10,605 

+  9,835 
+  2.875 

-fl6.2 
+  I8.5 
-i-i8.8 
+  5.6 

[This  table  shows  that  whereas  wrought-iron  riveted  plates  are  weaker  than  the  grooved  specimen  tests, 
the  corresponding  steel-riveted  plates  are  much  stronger. — J.  B.  J.] 

Table  II  is  also  from  the  Government  tests  at  Watertown,  and  consists  of  comparative  results  obtained 
from  grooved  specimens  alternately  drilled  and  punched.  The  percentages  of  this  table  are  made  up  by 
rating  the  ultimates  of  the  drilled  specimens  at  100,  and  in  this  table  also  it  will  be  found  that  the  steel  i.i 
less  im(>aired  by  punching  than  the  wrought-iron.  The  steel  and  iron  used  in  these  tests  are  the  same 
material  as  that  tested  in  Table  L 


From  Watertown  Arsenal  ReporU  of  TesU  of  Metals,  etc.,  for  1882  and  1883,  given  also  in  Lama's  "ICecfaanics.' 
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Table  II. 

U.  S.   GOVERNMENT  TESTS  OF  GROOVED  SPECIMENS  AT  WATERTOWN  ARSENAU 

Report  of  1892. 


.v„ 

Shape  of  specimeD : 

1  to  4 

.A 

Iron. 

Specimen. 

Steel. 

Drilled. 

Punched. 

Percentage. 

Drilled.                 Punched. 

percentage. 

44,980 

38.950 

86 

i"  X  3"  wide 

66,310 

60,320 

93 

47.030 

37,200 

79 

<«            (< 

66,190 

62,4ao 

94 

45,330  ) 

35.730 

64,470' 

48,010' 

45,000}. 

36,690 

81 

f'X4"  " 

64,810 

55,190 

80 

46,100) 

37,000 

64,690 

55,780 

37,420  J 

64,140] 

46, 250  J 

82 

89 

47,220 

49,770 

105 

f  X  i"  wide 

60,290 

66,720 

no 

48,350 

52,960                 no 

<<                   n 

63,610 

64,800 

102 

47,170 

46,320              98 

<<                «» 

63.450 

64,400 

102 

46,350 

46,750 

lOI 

(<                tt 

48,220 

40,140 

83 

r'X3"  " 

59.270 

57,180 

96 

44,840  I 
45.100  f 

37,310 

83 

rx4''  " 

60,330 

54,450 

90 

f<       t< 

61,120 

57,380 

94 

97 

99 

47,500 

50.840 

107 

f"  X  I"  wide 

58.480 

67,930 

116 

52.780 

47,590 

88 

<(            tt 

58,790 

67,630 

115 

48.470 

45.970 

95 

f"  X  If  " 

59.290 

62,890 

106 

47,750 

40.350 

84 

f"  X  3i"  " 

58,700 

56,730 

96 

46,350 

39.380 

85 

59,180 

54,220 

92 

92 

105 

[Note.— Table  II   might  have  been  greatly  extended  by  including  the  tests  reported   in  1883.    The 
following  table  gives  the  summaries  by  averages  of  all  such  tests  made  at  the  Watertown  Arsenal. — ^J.  B.  J.] 

Table  II^. 
results  of  tests*  showing  effects  of  punching  wrought-iron  and  mild-steel 

PLATES. 
Summary  of  Watertown  Arsenal  Tests. 


Shape  of  specimen : 


V 


1  to  4 


M% 


Width  at  Bottom 
of  Groove. 

Iron  Plates. 

Steel  Plates. 

Thick- 
ness t>f 
Plate. 

No.  of 
Tests. 

Average 

Strength 

Drilled. 

Average 
Strength 
Punched. 

Loss  from 
Punching. 

Pounds 
per  sq.  in. 

6,600 
•    8,500 
6,800 
3,210 
3,920 

Percent- 
age 
of  Loss. 

No.  of 
Tests. 

1 

Average 

Strength 

Drilled. 

Average 
Strength 
Punched. 

Loss 
from 
Punch- 
ing. 

Percent- 
age 
of  Loos. 

i  in. 
1  in. 
i  in. 
f  in. 
f  in. 

i  in.  to  3  in. 
I  in.  to  3Hn. 
I  in.  to  4  in. 
I  in.  to  4  in. 
I  in  to  3I  in. 

42 

9 

15 

8 

5 

Pounds 
per  sq.  in. 

50,100 
48,500 
47,100 
46,670 
48.570 

Pounds 
per  sq.  in. 

43.500 
40,000 
40,300 
43,460 
44,650 

13.2 
17.5 

14.5 
6.9 

8.1 

1 

31 

I 

17 
10 

5 

Pounds 
per  sq.  in. 

64,200 
63,620 
66.030 
61,050 
58.890 

Pounds 
per  sq.  in. 

61,800 
61,890 
58,160 

59,740 
61,880 

Pounds 
persq.  in. 

2,400 

1,730 

7.870 

1. 310 

(Gain) 

2,990 

3.7 

2.7 
12.0 

2.1 

Gain  of 

5.1 

*  From  Watertown  Reports  of  Tests  of  Metals,  etc,  for  1882  and  1883  ;  given  also  in  Lanza's  "Mechanics. 


,. 


5t8  structural   STEEL  AND   GENERAL   SPECIFICATIONS, 

[Note. — By  comparing  Tables  Il^r  and  \a  we  see  that  wrought-iron  punched  plate  is,  say,  12  per  cent 
weaker  than  the  same  drilled,  and  that  the  riveted  sheet  is,  say,  4  per  cent  weaker  than  the  punched  plate, 
or  the  total  weakening  of  wrought-iron  has  been  some  16  per  cent,  while  there  has  been  a  corresponding  Iblfe 
in  strength  of  the  punched  steel  plates  of,  say,  3  per  cent,  but  2igam  in  strength  of  the  riveted  steel  plate 
over  the  punched  sheet  of,  say,  15  per  cent,  or  a  net  gain  0/  some  12  per  cent.  This  is  the  average  gain  in 
strength  of  a  punched  and  riveted  steel  plate  as  compared  with  the  drilled  grooved  specimen. — J.  B.  J.] 

In  these  Government  Reports  will  also  be  found  some  interesting  tests  on  the  tearing  out  of  rivet-holes 

I  steel  and  iron.     Unfortunately  the  series  is  limited  to  J"  metal,  and  is  consequently  of  limited  value. 

.n  \"  metal  the  difference  between  punched  and  drilled  holes  is  very  small  indeed.     So  far  as  these  tests  go, 

however,  they  show  that  steel  with  punched  holes  and  sheared  edges  gives  better  relative  results  than  iron  with 

drilled  holes  and  planed  edges. 

Not  long  since,  it  was  the  writer's  good  fortune  to  find  a  very  interesting  series  of  comparative  tests 
of  iron  and  steel  on  record  at  one  of  the  larger  iron-works  of  this  district,  and  through  the  courtesy  of  the 
proprietors  he  has  been  able  to  examine  it  to  determine  the  same  ratios  given  in  the  tables  above  As 
the  complete  results  will  probably  be  published,  the  details  will  not  here  be  given,  but  only  the  general 
results.  The  tests  are  important,  because  punched,  reamed,  and  drilled  specimens  of  iron  and  steel  are  com- 
pared under  exactly  similar  conditions,  and  the  series  comprises  some  fifty  or  sixty  tests.  The  bars  used  for 
the  purpose  were  6  x  i,  6  x  f .  and  6  x  J  respectively  in  both  iron  and  steel,  the  steel  having  an  ultimate 
strength  of  about  64,000  pounds,  and  the  iron  an  ultimate  strength  of  about  52,000  pounds,  and  both  grades 
of  material  were  of  excellent  quality.  The  writer  has  checked  up  the  entire  series  and  finds  that  the  steel  is 
very  uniformly  less  injured  by  punching  than  iron  ;  the  average  difference  being  about  10  per  cent  in  favor  of 
steel,  and  this  difference  is  essentially  true  of  all  tests  save,  perhaps,  one  in  the  series.  Thus,  if  we  rate  the 
average  ultimate  strength  of  the  steel  in  specimen  tests  at  100,  the  average  ultimate  of  the  iron  in  specimen 
tests  would  rate  at  83 ;  but  rating  the  average  ultimate  of  the  punched  steel  on  net  sections  at  100  per  cent, 
the  average  ultimate  of  punched  iron  on  net  sections  would  rate  at  71^  per  cent.  More  than  this,  a  com- 
parison of  the  punched  specimens  with  the  reamed  ones  in  both  cases  shows  the  iron  to  have  been  quite  as 
much  benefited  by  reaming  as  the  steel. 

In  Table  III  are  given  some  tests  of  wrought-iron,  soft  steel,  and  medium  steel,  which  have  been  made 
recently  under  the  auspices  of  the  Pittsburgh  Testing  Laboratory.  Some  of  the  specimens  were  tested  with 
open  holes  and  some  with  rivets  in  the  holes.  In  these  tests  the  elastic  limit  was  taken  in  all  cases,  and  it 
will  be  observed  that  with  punched  holes  the  material  retains  its  full  value  at  the  elastic  limit,  and  indeed 
generally  records  a  gain  in  this  respect,  showing  the  punching  to  have  made  the  metal  harder  and  denser. 
In  the  series  of  tests  with  rivets  driven  in  the  holes,  it  is  evident  that  generally  the  rivet  acted  as  a  splice, 
and  the  elastic  limit  is  really  that  of  the  gross  section.  The  tests  on  their  face  hardly  indicate  as  high 
values  as  this,  but  the  fact  seemed  to  be  as  stated.  The  heating  in  riveting  no  doubt  softened  the  metal  and 
reduced  the  elastic  limit. 

In  Table  IV  a  number  of  tests  of  punched  medium  steel  are  given,  and  also  two  of  hard  steel.  With  the 
exception  of  the  latter  grade  of  metal,  a  comparison  of  results  decidedly  favors  the  steel. 

It  will  be  evident  to  any  one  who  examines  the  facts  here  presented  that  there  are  several  points 
suggested  by  these  tests  which  are  not  proved,  and  which  can  only  be  demonstrated  by  more  extended  tests. 
The  field  for  such  experiments  is  evidently  an  ample  one.  But  on  the  definite  question  raised  in  this  paper 
may  it  not  be  said  that  the  tests  presented,  whether  considered  as  a  whole  or  in  detail,  2S^  positive  evidence 
that  the  tensile  strength  of  structural  steel  is  injured  rather  less  by  putiching  than  is  the  tensile  strength  of 
wrought-iron  f  It  is  not  the  writer's  intention  to  claim  that  this  demonstration  is  conclusive,  much  less 
exclusive  of  testimony  to  the  contrary.  But  it  is  entirely  true  so  far  as  the  evidence  goes  ;  and  this  evidence, 
as  presented,  is  entirely  full  and  candid,  including  everything  that  the  writer  was  able  to  find  bearing  on  this 
subject,  and  the  entire  series  of  ninety  special  tests  made  under  his  own  direction.  He  has  no  idea  that  it  can 
be  successfully  gainsaid.     As  conclusions  suggested,  but  not  demonstrated,  he  would  state  the  following: 

(i)   The  thicker  the  metal  the  greater  the  injury  in  punching  steel. 

(2)  The  softer  the  steel  the  less  the  injury  in  punching  ;  but, 

(3)  The  first  conclusion  is  the  major  factor  /  the  grade  of  the  steel  making  much  less  difference  than  the 
thickness  of  the  material. 

(4)  The  effect  of  riveting  is  advantageous,  increasing  the  strength  of  net  sections. 

Conclusions  i  and  2  have  ample  support  from  other  sources  and  may  be  considered  as  facts.  Thus. 
Kirkaldy's  recent  book,  in  commenting  on  his  well-known  series  of  tests  of  Fagersia  plates,  speaks  as 
follows:  "  Punching  is  less  detrimental  the  softer  the  plate;  the  great  difference  produced  by  punching  is 
due  to  its  hardening  ^^^ct  upon  the  plates,  which  becomes  more  severely  felt  as  the  thickness  increases." 
In  proof  of  this  he  then  gives  the  elongation  of  holes  at  the  fracture,  in  a  series  of  tests  of  i".  i",  |".  i",  and 
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APPENDIX. 


Table  IV. 


TESTS  OF  MEDIUM   STEEL  AND   HARD  STEEL. 


Test  cut  from. 

Specimen  Test. 

Punched  Piece. 

Reamed  Piece. 

E,  L. 

Ult. 

Elong. 

E.  L. 

P.  Ct. 

Ult. 

P.  Ct. 

EL. 

P.  Cl 

Ult. 

P.  a 

Medium 
Steel, 
Riveted 
Holes 

8"  X  A"  plate 
14"  X  \'  plate 
loi"  X  U"  plate 
6"  X  6"*''^ angle 

7"  X  1"  plate 
6"  X  6"  X  i"  angle 

• 

15"  X  r  plate 
•7"  X  A'^ plate 

4i»750 
39,460 
40,090 
38,400 

41,190 
33»oio 

48,380 
44,890 

69,280 
67,600 
68.540 
66,340 
67,070 

61,080 
66,790 

81,120 
73.040 

20.25 
20.50 
2938 
25.38 
23.00 

19. 50 
23.75 

22.25 
22.75 

1  51.080 

45.550 
48,900 

45.970 
45,100 

109 
124 

115 

118 

70,460 
66,190 
56,690 
23.300 
52,300 

Mean 

102 
98 

83 
80 

78 

57,010 
53.460 
41,720 
46,990 
47.450 

128 
106 
118 
124 

72,700 
72.180 
71,630 
68,550 

66,840 
Mean 

105 
107 
105 
103 

99 

88.2 

103.8 

Av   elong.  in  8"  =4.70  p.  ct. 

Av.  elong.  in  J 

r=8.75  p.  ct. 

Medium 

Steel,  Open 

Holes 

40,610 
33,950 

99 
103 

54.260 
63,540 

Mean 

89 
95 

45.420 
35,710 

no 
108 

58,980 
66,740 

Mean 

97 
104 

92 

100.5 

Av.  elong.  in  8" =8.50  p.  ct. 

Av.  elong.  in 

8"  =  12  p.  ct. 

HardSteel, 
Open 
Holes 

55,430 
46,000 

115 
102 

57.420 
55,200 

Mean 

71 
69 

67,500 
43,770 

139 

98 

71,210 

98 

70 

*  This  specimen  had  a  flaw  in  it.     Form  of  specimens  same  as  in  Table  IH. 

f"  plates,  as  follows:  With  drilled  holes  5.7,  14.1,  17.2,  18.7,  and  19.0  per  cent,  with  fractures  all  silky;  with 
punched  holes  3.2,  9.6,  13.5,  3.2,  and  1.9  per  cent,  with  the  last  two  fractures  showing  95  and  100  per  cent 
granular  respectively.  Then  he  anneals  the  specimens  in  a  similar  series,  to  remove  the  hardening  effect; 
and  gets  elongations  as  follows:  With  drilled  holes  " extensions  of  11.5,  16.3,  19.4,  21.0,  and  219;"  with 
punched  holes  **  10.3,  14.6,  18.  i,  19.3,  and  20.7  per  cent,  all  fractures  being  wholly  silky."  This  makes  a  very 
pretty  demonstration. 

Kirkaldy  compares  the  ultimate  strength  of  drilled  and  punched  specimens  in  these  same  tests,  as 
follows:  When  not  annealed,  the  strength  of  punched  pieces  as  compared  with  drilled  ones  showed  losses 
of  7.92,  8.10.  7.53,  23.45,  and  26.22  per  cent  respectively.  When  he  anneals  the  specimens,  however,  the 
punched  pieces  show  losse's  of  but  5.85,  6.70,  6.74,  7.08,  and  7.18  per  cent  respectively.  "  This  manipulation 
or  treatment  rectifies  the  injuriousness  of  punching  to  a  great  extent,"  he  says.  This  is  argument  for  con- 
clusion No.  4.  because,  evidently,  so  far  as  the  rivets  anneal  and  soften  the  metal  they  benefit  it  and  lessen 
the  injury  in  punching;  and,  evidently  also,  this  advantage  accrues  more  to  thick  metal  than  to  thin 
because  the  original  injury  was  greater.  The  tables  in  this  paper  appear  to  offer  evidence  that  this  beneficial 
effect  of  riveting  is  an  actual  fact ;  certainly,  the  riveted  pieces  show  higher  percentages  than  the  pieces 
with  open  holes.*  Regardless  of  any  such  effect,  however,  the  fact  that  punching  is  mori  injurious  in  thick 
material  makes  it  desirable  to  use  moderate  sections  in  tension  members  and  in  floor-beams^  stringers,  and  girders 
subject  to  impact. 

In  concluding  the  discussion  of  the  tables,  attention  is  called  to  the  elongation  of  the  punched 
steel  pieces  in  a  length  of  8  inches.  The  stretch  is,  of  course,  necessarily  confined  chiefly  to  the  three  holes  ; 
but  the  percentages  are  given  in  8-inch  length,  to  show  what  it  might  be  expected  to  average  in  any  long 
riveted  member. 

Having  thus  reasonably  demonstrated  more  than  an  equal  standing  for  our  punched  steel,  we  could 
logically  claim  for  it  unit  stresses  from  12  to  15  per  cent  higher  than  for  wrought-iron.  In  the  specifications, 
however,  it  was  thought  well  to  be  conservative  on  this  point,  especially  as  it  is  not  necessary  to  figure  soft 
steel  so  much  above  wrought-iron  in  order  to  make  the  cost  practically  the  same.  The  unit  stresses, 
therefore,  for  soft  steel  in  tension  are  placed  at  8  per  cent  higher  than  wrought-iron,  and  in  compression  10 
per  cent  higher.  These  figures  are  conservative,  and  the  remainder  is  so  much  advantage  to  the  bridge 
structure. 


*  This  is  probably  due  more  to  the  frictional  resistance  to  movement  under  the  rivet  heads  than  to  the  annealing 
action  of  the  hot  rivet. — T.  B.  T. 
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It  will  be  observed  that  web-plates  are  required  to  be  of  steel  in  all  cases.  It  is,  of  course,  impracticable 
to  dimension  web-plates  for  unit  stresses.  It  would,  however,  be  absurd  to  use  steel  angles  in  connection 
with  an  iron  web,  since  the  equal  strength  of  steel  plates  in  all  directions  exactly  fills  the  condition  of  a  web- 
sheet,  and  makes  them  particularly  desirable  for  such  purposes.  There  is,  besides,  good  reason  for  throwing 
iron  web-plates  out  altogether,  because  of  poor  quality.  It  is  doubtless  no  longer  profitable  to  make  a  first- 
class  iron  web-plate;  hence  many  of  those  now  sold  are  of  very  doubtful  quality,  and  owe  whatever  virtues 
they  possess  to  the  percentage  of  steel  which  they  contain.  It  will  be  noted  that  both  iron  eye-bars  and  soft 
steel  eye-bars  are  ruled  out  of  the  specifications.  Excepting  with  the  most  conservative,  the  iron  bar  has 
already  been  practically  superseded,  because  steel  bars  are  now  cheaper  and  have  besides  abundantly 
demonstrated  their  superiority.  As  regards  soft  steel  bars,  there  is  no  reason,  on  the  face  of  it,  why  soft 
steel  should  not  make  a  good  eye-bar :  it  doubtless  would  ;  but  medium  steel  has  been  found  to  answer  the 
requirements  with  entire  satisfaction,  and,  after  annealing,  is  considerably  softer  than  when  tested  in  its 
natural  state  in  small  specimens. 

There  is  a  practical  reason  also  for  not  usiilg  soft  steel  in  the  fact  that  it  is  more  apt  to  have  piping  and 
blow-holes  in  it  than  medium  steel.  This  is  not  objectionable  in  angles  or  plates  where  these  defects  close 
up  and  disappear ;  but  it  is  objectionable  in  large  masses,  like  pins  and  forged  bars.  It  was  not  thought 
worth  while,  therefore,  to  introduce  a  soft  steel  eye-bar  in  the  specifications.  The  result  is  that  the  soft 
steel  is  limited  to  compression  members,  to  girders,  and  to  riveted  tension  members,  and  the  idea  in  fixing 
the  unit  stress  has  been  to  place  it  for  these  purposes  on  a  par  with  other  material ;  possibly  to  give  it  a 
little  advantage  to  overcome  the  inertia  of  manufacturers  who  have  been  accustomed  to  using  wrought-iron 
only.  It  is  possible  that  it  is  not  necessary  to  make  as  much  allowance  as  has  been  made,  or  perhaps  it 
should  be  increased  to  suit  different  cases. 


Screw  Threads  on  Steel  Bars, 

There  is  one  point  more  that  may  require  special  mention — that  is.  the  provision  of  the  specifications 
permitting  steel  bars  to  be  used  with  upset  screws  on  their  ends.  This  is  probably  the  last  point  that 
engineers  are  ordinarily  willing  to  concede  in  regard  to  steel ;  that  is,  the  possibility  of  putting  a  screw- 
thread  on  it ;  nevertheless  this  may  be  done  with  entire  success,  and  in  evidence  thereof  the  following  tests 
are  submitted : 

Table  V. 

TESTS   AT   EDGE   MOOR  BRIDGE   WORKS   OF  STEEL   EYE-BARS  WITH  UPSET  SCREW  ENDS.* 


Eye- bare. 

Size. 

Length. 

Elastic  Limit. 

Ultimate 
Strength. 

Elongation, 
per  cent. 

Reduction,  per 
cent. 

Remarks. 

No.  I 
No.  2 
No.  3 

5"  X  J" 
4"  X  4" 
5"  X  i" 

37'  I" 
31'  6" 
37'  oi" 

39»370 
37,700 

38,170 

61,620 

59»  240 
62,470 

12.66(33') 
15.63(27') 
11.71(33') 

48.08 

51.42 
43-48 

Broke  in  long  end 
Broke  in  short  end 
Broke  in  long  end 

These  tests  are  certainly  crucial  tests,  as  it  would  be  impossible  to  imagine  a  more  difficult  upset  than 
to  put  a  round  screw-end  on  a  5  x  j^  bar. 

Not  long  ago  one  of  the  leading  Southwestern  railroads  desired  to  renew  a  large  number  of  hangers, 
which  were  necessarily  limited  in  size,  because  of  the  place  they  had  to  fit.  In  this  connection  Mr. 
Henry  G.  Morse,  and  President  of  the  Edge  Moor  Bridge  Works,  had  some  experimental  tests  of  steel 
hangers  made.     The  results  of  these  tests  are  given  in  Table  VI. 

The  material  that  was  put  in  the  hangers  was  taken  from  stock,  being  ordinary  steel  rounds  which 
had  been  ordered  for  cotter  pins.  Attention  is  called  to  the  fact  that  the  excess  in  areas  at  the  root  of  the 
thread  on  these  hangers  was  but  7  per  cent,  and  it  may  well  be  doubted  whether  iron  hangers  could  have 
stood  as  severe  a  test. 

The  tests  which  have  been  presented  show  that  the  steel  held  its  value,  after  punching,  better  than  iron, 
up  to  say  i"  thickness,  when  the  percentajGres  in  steel  and  in  iron  were  just  about  equal.  But  these  tests 
also  show  that  the  value  of  the  steel  decreased  quite  rapidly  as  the  thickness  increased ;  the  percentages 
running;  down  from  about  100  at  f"  thickness  to  75  at  f  thickness. 

lii  iron  the  percentages  seemed  to  be  much  more  constant,  the  range  being  only  from  82  to  72  per  cent. 
(Sec  Tables  111  and  IV.)  In  order  to  make  this  fact  more  clearly  apparent,  the  results  are  plotted  as  a  diagram, 


This  table  is  of  little  value  without  some  knowledge  of  the  relative  net  areas  on  screw  and  bar  portions. 
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Table  VI, 


TESTS  AT  EDGE  MOOR  BRIDGE  WORKS  OF  STEEL  STIRRUP   HANGERS  AND   UPSET   RODS. 


Siirnip 

Diameter 
of  Bar. 

Diam.  at 
Root  of 
Thread. 

Area. 

Elastic 
Limit. 

Ultimate 
Strength. 

Blong.  in 

"",  per 

cent. 

Reduction 

of  Area, 

per  cent. 

Hangera. 

Orlg. 

Fract. 

No.  I 

No.  2 

No.  3 
Upset  Rods 
No.  I 
No.  2 
No.  3 

'75 

1.75 
1.75 

1.75 
1.75 
1.75 

I.8l 

I.8l 
I.8l 

I. Si 
t.8l 
I.8l 

2.41 

2.41 
2.41 

2.41 
2.41 
2.41 

1.23 

1.09 
.95 

1. 91 
2.06 

.99 

38,540 

37,760 
37,760 

34.610 
40,900 
37.760 

59»78o 

58,990 
58 

55 
56 

5 

26.2 

20.33 
15-17 

16.67 
11.67 

33.33 

48.96 

54.72 
60.58 

20.75 
14.52 
58.92 

j  Broke  in  one  leg. 

\  i'  3i"  fron™  end. 
Broke  in  bend. 
Broke  in  bend. 

Broke  2'  gU"  from  end. 
Broke  2'  5 J^  from  end. 
Broke. 

in  Fig.  451,  which  shows  the  percentage  values  of  the  punched  iron,  the  punched  steel  with  open  holes,  and 
the  punched  steel  with  riveted  holes  for  different  thicknesses  of  metal.  It  also  shows  a  mean  line  for  steel. 
In  addition  to  this  decline  in  percentage  value,  there  was  a  gradual  change  in  the  character  of  the 
fracture  from  fine  silky  in  \"  material  to  100  per  cent  granular  in  the  \"  material.  This  gradual  change  is 
shown  by  the  photograplis  in  Plate  XXXVIII,  which  indicate  how  the  granular  structure  first  appears  at  the 
edge  of  the  holes  and  radiates  from  them  in  larger  percentages  as  the  thickness  increases.  In  order  to  show 
the  latter  characteristics  more  fully.  Table  VII,  is  inserted,  which  gives  the  details  for  most  of  the  tests  of  soft 


Thlcknesi  of  If  etal 

Fig.  451. 


and  medium  steel  which  appear  in  Tables  III  and  IV.  The  tests  of  iron  did  not,  of  course,  show  granular 
fractures,  since  the  normal  structure  of  iron  is  not  granular,  as  that  of  steel  is.  But  it  was  apparently  very 
dead,  and  it  would  be  difficult  to  say  which  of  the  two  metals  was  more  reliable  at  i"  thickness.  The  writer 
is  disposed  to  think,  however,  that  this  decrense  in  value  and  increase  in  granular  fracture  in  thick  steel 
should  be  considered,  regardless  of  a  satisfactory  comparison  in  ultimate  strength  with  wrought-iron  of  the 
same  gauges.     He  has  decided,  therefore,  to  limit  the  thickness  of  punched  material  in  the  specificationa. 


PLATE   XXXVIII. 


NoTB.— See  kbo  cuu  •bowing  effect*  □(  (beftring  and  pnacblng  (oft-Recl  plmtet  in  Jobnton's  Mattri- 
alt  of  Ctutrutticn,  pp.  53!  aod  533. 


Showing  tbe  Effects  of  Punching  Mild-Steel  Plates  of  Different  Thicknesses. 
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and  to  do  this  for  most  iriembers  by  drawing  the  line  at  the  gauge  in  which  the  crystalline  fracture  becomes 
evident  and  the  stretching  qualities  decline.  From  Table  VII  it  is  apparent  that  all  the  tests  are  satisfactory 
until  we  pass  -f^'  thickness.  Above  that  gauge  there  is  but  one  test  which  would  pass  muster  on  the  basis 
here  proposed.  A  third  condition  to  the  use  of  soft  steel  has  therefore  been  added,  limiting  to  \  inch  the 
thickness  of  material  subjected  to  punching,  excepting  that  in  girders  over  50  feet  long  it  may  be  i^",  in  top 
chords  and  end  posts  it  may  be  f ",  and  in  shoes,  pedestals,  and  bed-plates  it  may  be  f  • 


Table  VII. 
details  of  punched  tests  given  in  tables  iii  and  iv  for  soft  and  medium  steel. 


Thick- 
ness. 

Specimen  cut  from 

Elastic 
Limit, 
lbs.  per 
sq.  in. 

Ultimate 

Strength, 

lbs.  per 

sq.  m. 

Stretch 
in  8  in., 
per  cent. 

Stretch 
of  Hole, 
per  cent. 

Character  of 
Fracture. 

Class  of  StecL 

i" 

7" 

X  i"    Bess. 

58,840 

64,230 

8.50 

46.9 

Silky 

Soft  steel 

Riveted  holes 

A" 

8" 

X  ,V'    " 

50,780 

59.600 

8.00 

40.8 

«i 

<t        »( 

(( 

A' 

8" 

y.^^'   " 

51,080 

70,460 

5-75 

29.6 

(« 

Medium  steel 

(* 

f 

15" 

X  r    *• 

5»,620 

61,220 

750 

36.1 

(< 

Soft  steel 

«< 

f 

4"  X  3" 

X  1 "     " 

38,170 

50.330 

7-25 

<4                 <l 

Open 

f 

7" 

X  r    " 

40,610 

54,260 

950 

Medium  steel 

<( 

\" 

12" 

X  r    •' 

47,450 

48,960 

4  75 

34  0 

20  per  ct.  gran. 

Soft  steel 

«< 

f 

14" 

X  r    •' 

45.550 

66,190 

7.00 

32.6 

Silky 

Medium  steel 

Rivried 

4" 

6"  X  6" 

X  i"    0.  H. 

33.950 

63.540 

7.50 

•  <           •< 

Opf  n 

A" 

I9i" 

X  A"  Bess. 

38,950 

52.400 

7- 50 

48.9 

Silky 

Soft  steel 

f  ( 

%  /• 

T2" 

X  iV  0.  H. 

35.310 

58,890 

8.75 

((        <i 

(( 

if" 

18" 

X  Jt"  Bess. 

45,080 

.38 

3.09 

Granular 

((        << 

(< 

4" 

Mi" 

X  r     " 

43.820 

.62 

4.25 

«< 

><        << 

<i 

ii" 

loi" 

X  W  0.  H. 

48.900 

56.690 

1.75 

7.22 

«< 

Medium  steel 

Riveted 

W 

8" 

X  \)!'  Bess. 

44,170 

45.5tx) 

350 

23.4 

70  perct.  gran. 

Soft  Steel 

Open 

*" 

18" 

X  r     '* 

40,070 

41,180 

.75 

6.38 

Granular 

4<                1  t 

«• 

*" 

6"  X  6" 

X  r  0.  H. 

45.^00 

52.300 

1.50 

7.22 

(( 

Medium  steel 

Riveted 

r 

t% 

t<            .( 

45,970 

53,300 

1.35 

5.15 

t< 

<f          (1 

ti 

MateriaL 


Type  of  bridges. 


Clearance. 


Spacing  of 
trus.ses. 

Si)acing  fif  deck- 
plate  Kirders. 

I'loor-beanis. 


Spacing  of 
stringer?. 


GENERAL  SPECIFICATIONS  FOR  STEEL  RAILROAD  BRIDGES, 

AMERICAN  BRIDGE  COMPANY,  1900. 

General  Description. 

1.  All  structures  to  be  wholly  of  rolled  steel  as  specified  below.  Cast  iron  or 
cast  steel  will  be  permitted  only  in  machinery  of  movable  bridges  and  'in  special 
cases  for  shoes  and  bearings. 

2.  The  following  types  of  bridges  are  recommended: 

For  spans  up  to  20  feet:    Rolled  beams  or  longitudinal  trough  floors. 
For  spans  from  20  to  100  feet:    Plate  girders. 
For  spans  from  100  to  140  feet:    Lattice  girders. 
For  spans  over  140  feet:    Pin-connected  trusses. 

3.  On  straight  line  a  clear  section  shall  be  provided  to  conform  to  given  require- 
ments. The  width  must  be  increased  so  as  to  allow  the  same  minimum  clearance 
on  curves  and  on  double  track. 

4.  The  width  between  centres  of  trusses  shall  in  no  case  be  less  than  one-twen- 
tieth of  the  span  between  centres  of  end  pins. 

5.  Deck-plate  girders  shall  be  .spaced  generally  t\  feet  between  centres. 

6.  All  floor-beams  in  through-bridges  shall  be  riveted  between  the  posts,  above 
or  below  the  pin. 

7.  The  floor-stringers  shall  be  filaced  generally  6 J  feet  between  centres,  the 
standard  distance  between  centres  of  tracks  being  13  feet. 


5^4 

Wooden  floor. 


Gtiard-rails. 
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8.  The  floor  shall  consist  of  cross-ties  8  inches  by  8  inches  if  the  stringers  6re 
placed  6  J  feet  between  centres.  For  greater  distances  they  are  to  be  proportioned 
to  carry  the  maximum  wheel  load  distributed  over  three  ties,  the  fibre  strain  on  the 
timber  not  to  exceed  looo  pounds  per  square  inch.  The  ties  shall  be  spaced  with 
openings  not  exceeding  6  inches,  and  shall  be  notched  down  half  an  inch,  and  have 
a  full  and  even  bearing  on  stringers. 

9.  Every  fifth  tie  shall  be  fastened  to  the  stringer  by  a  f-inch  bolt. 

10.  There  shall  be  guard-timbers  6  inches  by  8  inches  on  each  side  of  each  track, 
with  their  inner  faces  not  less  than  3  feet  3  inches  from  centre  of  track.  They  shall 
be  notched  i  inch  over  every  tie,  and  shall  be  fastened  to  every  third  tie  and  at 
each*  splice  by  a  J-inch  bolt.  Splices  shall  be  over  floor-timbers  with  half-and-half 
joints  of  6  inches  lap. 

11.  The  floor-timbers  and  guards  must  be  continued  over  piers  and  abutments. 

12.  On  ciu^es  the  outer  rails  shall  be  elevated  as  may  be  reqtdred. 


Dead  load. 


Live  load. 


Effect  of  impact. 


Loads. 

13.  In  determining  the  weight  of  the  structure  for  the  purpose  of  calculating 
strains,  the  weight  of  timber  shall  be  assumed  at  4^  pounds  per  foot  B.  M.,  and  the 
weight  of  rails,  spikes,  and  joints  at  100  pounds  per  lineal  foot  of  track. 

14.  All  structures  shall  be  designed  to  carry,  in  addition  to  their  own  weight 
and  that  of  the  floor,  a  moving  load  for  each  track,  consisting  of  two  engines,  coupled 
at  the  head  of  a  uniformly  distributed  train  load,  placed  so  as  to  give  the  greatest 
strain  in  each  part  of  the  structure.  This  load  will  be  .  such  as  specified  by  the 
Railroad  Company.     Cooper's  Standard  Loading,  however,  is  recommended. 

15.  The  effect  of  impact  and  vibration  shall  be  added  to  the  maximum  strain? 
resulting  from  the  above-mentioned  live  load,  and  is  to  be  determined  by  the  follow- 
ing formula: 

\L  +  300/ 


(See  Table  A.) 


wind  pressure. 


Momentum  of 
train. 


Centr  fu^al 
f  jrce  uf  train. 


where  /  =»  impact  to  be  added  to  the  live-load  strain, 
5  =  calculated  maximum  live-load  strain, 

L  —length  of  loaded  distance  in  feet  which  produces  the  maximum  strain  in 
member. 

16.  The  wind  pressure  shall  be  assumed  acting  in  either  direction  horizontally: 
First.  At  30  pounds  per  square  foot  on  the  exposed  surface  of  all  trusses  and 

the  floor  as  seen  in  elevation,  in  addition  to  a  train  of  10  feet  average  height,  begin- 
ning 2  feet  6  inches  above  base  of  rail,  moving  across  the  bridge. 

Second.  At  50  pounds  per  square  foot  on  the  exposed  surface  of  all  trusses  and 
the  floor  system.     The  greatest  result  shall  be  assumed  in  proportioning  the  parts. 

17.  For  determining  the  requisite  anchorage  for  the  loaded  structure,  the  train 
shall  be  assumed  to  weigh  800  pounds  per  lineal  foot. 

18.  For  longitudinal  bracing  of  trestle  towers  and  similar  structures,  the  momen- 
tum produced  by  suddenly  stopping  the  train  shall  be  considered;  the  coefficient 
of  friction  of  wheels  sliding  upon. the  rails  being  assumed  as  0.2. 

19.  When  the  structure  is  on  a  curve,  the  additional  eff'ects  due  to  the  centrifu- 
gal force  of  as  many  trains  as  there  are  tracks,  shall  be  considered  and  calculated 
by  the  following  formula: 

C  =0.03  WD  for  a  curvature  up  to  5  degrees, 
where  C  « centrifugal  force  in  pounds, 
W  =  weight  of  train  in  pounds, 
D  ==  degree  of  curvature. 
The  coefficient  for  ceritrifugal  force  (0.03)  shall  be  reduced  0.00 1  for  every  degree 
of  curvature  above  5  degrees. 
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Least  thickness 

uf  material. 


Permissible 
tensile  strains. 


Permissible 
compressive 
strains. 


Alternate 
strains- 


Combined 
strains. 


Transverse 
loading  of 
tension  or 
coniprt'ssion 
members. 


Proportion  of  Parts. 

20.  For  main  members  and  their  connections,  no  material  shall  be  used  less 
than  three-eighths  of  an  inch  thick;  and  for  laterals  and  their  connections,  not  less 
than  five-sixteenths  of  an  inch  thick  except  for  lining  or  filling  vacant  spaces. 

21.  All  parts  of  the  structure  shall  be  so  proportioned  that  the  sirni  of  the  maxi- 
mum loads,  together  with  the  impact,  shall  not  cause  the  tensile  strain  to  exceed: 

On  soft  steel,  15,000  potmds  per  square  inch. 
On  medium  steel,  17,000  pounds  per  square  inch. 

22.  The  same  limiting  unit  strains  shall  also  be  used  for  members  strained  by 
wind  pressure,  centrifugal  force,  or  momentum  of  train. 

23.  Net  sections  must  be  used  in  all  cases  in  calculating  tension  members,  and  in 
deducting  rivet-holes,  they  must  be  taken  one-eighth  of  an  inch  larger  than  the  size  of 
the  rivets. 

24.  Pin-connected  riveted  tension  members  shall  have  a  net  section  through  the  pin- 
hole 25  per  cent  in  excess  of  the  net  section  of  the  body  of  the  member.  The  net  sec- 
tion back  of  the  pin-hole  shall  be  at  least  0.75  of  the  net  section  through  the  pin-hole. 

25.  For  compression  members  these  permissible  strains  of  15,000  and  17,000 
pounds  per  square  inch,  shall  be  reduced  in  proportion  to  the  ratio  of  the  length  to 
the  least  radius  of  gyration  of  the  section  by  the  following  formulae: 


For  soft  steel. 


15.000 


1  + 


l' 


i3»5oor' 


For  medium  steel,  p  ^• 


17,000 


1  + 


11,000  r' 

where  p  —permissible  working  strain  per  square  inch  in  compression, 
/  =  length  of  piece  in  inches,  centre  to  centre  of  connection, 
r  =  least  radius  of  gyration  of  the  section  in  inches.     (See  Table  B.) 

26.  No  compression  member,  however,  shall  have  a  length  exceeding  100  times 
its  least  radius  of  gyration,  excepting  those  for  wind  bracing,  which  may  have  a 
length  not  exceeding  120  times  the  least  radius  of  gyration. 

27.  The  least  width  of  posts  in  pin-connected  bridges  shall  be  limited  to  10  inches. 

28.  Members  subject  to  alternate  strains  of  tension  and  compression  in  imme- 
diate succession  (as  counter-stresses  in  web  members  or  chords  in  continuous  trusses) 
shall  be  so  proportioned  that  the  total  sectional  area  is  equal  to  the  sum  of  areas 
required  for  each  strain. 

29.  In  case  the  maximum  strains  due  to  wind  and  centrifugal  force,*  added  to 
the  maximum  strains  due  to  vertical  loading  (including  impact),  shall  exceed  the 
following  limits: 

On  soft  steel,  19,000  pounds  per  square  inch, 

*0n  medium  steel  21,000  poimds  per  square  inch,  properly  reduced  for  com- 
pression, addition  must  be  made  to  such  sections  until  these  limits  are  not  ex- 
ceeded. 

The  permissible  strains  for  the  connections  shall  be  increased  proportionately 

30.  Should  the  strains  be  reversed  in  any  possible  case,  proper  provision  must 
be  made  for  such  strains  in  the  opposite  direction. 

31.  When  the  floor  sj'^stem  rests  directly  on  the  top  or  bottom  chord,  the  latter 
must  be  so  proportioned  that  the  algebraic  sirni  of  the  strains  per  square  inch  on  the 
outer  fibre,  resulting  from  the  direct  compression  or  tension,  and  three-fourths  of 
the  maximum  bending  moment  (the  chord  being  considered  as  a  beam  of  one  panel 
length,  supported  at  the  ends),  shall  not  exceed  the  before-mentioned  limiting  strains 
in  tension  or  compression,  the  proper  amount  of  impact  being  added  to  each  kin'l 
of  loading. 

*  The  centrifugal  fon^e  is  really  a  part  of  the  live  load  and  should  be  so  considered  except  in  so  far  as 
the  assumed  speed  may  be  ytry  exceptional. 
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Shearing  and 
bearing  strains. 


Bending  strains 
on  pins. 


Plate  girden. 


Provision  for 
futitre  increase 
of  live  load. 


32.  The  bending  moment  at  panel  points  shall  be  asstuned  equal  to  that  in  the 
centre,  but  in  opposite  direction. 

33.  All  other  members  which  are  subject  to  direct  strain  in  addition  to  bending 
moment  are  to  be  similarly  calculated. 

34.  The  shearing  strain  on  rivets,  bolts,  or  pins,  per  square  inch  of  section,  shall 
not  exceed  11,000  pounds  for  soft  steel,  and  12,000  p>ounds  for  medium  steel;   and 
the  pressure  upon  the  bearing  surface  of  the  projected  semi-intrados  (diameter  X 
thickness)  of  the  rivet,  bolt  or  pin  hole,  shall  not  exceed  22,000  poimds  per  square 
inch  for  soft  steel  and  24,000  pounds  for  meditun  steel. 

35.  In  field  riveting  the  number  of  rivets  thus  found  shall  be  increased  25  per 
cent  if  driven  by  hand,  but  10  per  cent  if  driven  by  power. 

36.  The  bending  strain  on  the  extreme  fibre  of  pins  shall  not  exceed  22,000  poimds 
per  square  inch  for  soft  steel,  and  25,000  per  square  inch  for  medium  steel,  when 
centres  of  bearings  of  the  strained  members  are  taken  as  the  points  of  application 
of  the  strains.     (See  Table  C.) 

37.  Girders  shall  be  proportioned  on  the  assimiption  that  one-eighth  of  the  gross 
area  of  the  web  is  available  as  flange  area.  The  compressed  flange  shall  have  the 
same  sectional  area  as  the  tension  flange;  but  the  unsupported  length  of  flange  shall 
not  exceed  16  times  its  width. 

38.  In  calculating  shearing  strains  and  bearing  strains  on  web  rivets  of  plate 
girders,  the  whole  of  the  shear  acting  on  the  side  next  the  abutment  is  to  be  con- 
sidered as  being  transferred  into  the  flange  angles  in  a  distance  equal  to  the  depth 
of  the  girder. 

39.  The  shearing  strain  in  web-plates  shall  not  exceed  9000  pounds  per  square 
inch  for  soft  steel,  and  10,000  pounds  per  square  inch  for  medium  steel;  but  no  web- 
plate  shall  be  less  than  three-eighths  of  an  inch  in  thickness. 

40.  The  web  shall  have  stiffeners  riveted  on  both  sides,  with  a  close  bearing 
against  upper  and  lower  flange  angles  at  the  ends  and  inner  edges  of  bearing  plates, 
and  at  all  points  of  local  and  concentrated  loads,  and  also,  when  the  thickness  of 
the  web  is  less  than  one-sixtieth  of  the  unsupported  distance  between  flange  angles,  at 
points  throughout  the  length  of  the  girder,  generally  not  farther  apart  than  the  depth 
of  the  full  web-plate,  with  a  maximum  limit  of  5  feet. 

41.  Wherever  the  live  and  dead  load  strains  are  of  opposite  character,  only  70 
per  cent  of  the  dead  load  strain  shall  be  considered  as  effective  in  coimteraeting  the 
live-load  strain. 


Camber. 


Symmetrical 
sections. 


Adjustable 
members. 

Truss  bridges. 


Eye-bar  heads. 

Nuts. 

Lateral  and 
sway  bracing. 

Portals. 


Diagonal 
Bracing. 


Details  of  '  Construction. 

42.  All  truss  bridges  shall  be  given  a  camber,  by  making  the  panel  lengths  of 
the  top  chord  longer  than  those  of  the  bottom  chord  in  proportion  of  one-eighth  of 
an  inch  to  every  10  feet. 

43.  All  sections  shall  preferably  be  made  symmetrical,  and  the  pins  placed  in 
the  line  of  the  neutral  axis. 

44.  Adjustable  members  in  any  parts  of  structures  shall  preferably  be  avoided. 

45.  All  through  spans  shall  have  stiff  end  vertical  suspenders.  For  single-track 
spans  the  two  panels  of  the  lower  chord,  at  each  end,  shall  preferably  be  made  rigid 
members. 

46.  The  heads  of  eye-bars  shall  not  be  less  in  strength  than  the  body  of  the  bar. 

47.  All  nuts  must  be  of  hexagonal  shape. 

48.  All  lateral  and  sway  bracing  shall  be  made  of  shapes  which  can  resist  com- 
pression as  well  as  tension. 

49.  All  through  spans  with  top  lateral  bracing  shall  have  portals  at  each  end 
of  span,  connected  rigidly  to  end-posts.  They  shall  be  as  deep  as  the  specified  head 
room  will  allow,  and  provision  shall  be  made  in  the  end-posts  for  the  bending  strain 
produced  by  the  wind  pressure. 

50.  Deck-bridges  shall  have  diagonal  braces  at  each  panel,  of  sufficient  strength 
to  carry  half  the  maximum  strain  increment  due  to  wind  and  centrifugal  force. 
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Gtisset-plates. 


Temperature. 


Bolstcre  and 

expansion 

rollers. 


Friction  plates. 

Bed-platea. 
Rivets. 


SpH 


Tie-plates. 


T^irtng. 


Pin-plates. 


Web  spHces. 


Flange-plates. 


51.  Pony  trusses  and  through  plate  girders  shall  be  stayed  by  knee-braces  01 
gusset-plates  at  the  ends,  and  at  each  floor-beam  or  transvei*se  strut. 

52.  Provision  shall  he  made  for  a  free  expansion  and  contraction  of  all  parts, 
corresponding  to  a  variation  of  150  degrees  Fahrenheit  in  temperature. 

53.  All  bridges  exceeding  80  feet  in  length  shall  have  hinge  bolsters  on  both  ends 
and  at  one  end  nests  of  turned  friction  rollers,  running  between  planed  surfaces. 
Rollers  will  not  be  less  than  4  inches  in  diameter ;   and  the  pressure  per  lineal  inch  of 

roller,  including  impact,  shall  not  exceed  i2oo\/d  for  steel  rollers  between  steel  sur- 
faces (d  =  diameter  of  roller  in  inches). 

54.  For  bridges  less  than  80  feet  in  length,  one  end  shall  be  free  to  move  upon 
planed  surfaces. 

55.  Bed-plates  shall  be  so  proportioned  that  the  pressure  upon  masonry  (in- 
cluding impact)  will  not  exceed  400  pounds  per  square  inch. 

56.  The  pitch  of  rivets,  in  the  direction  of  the  strain,  shall  never  exceed  6  inches, 
nor  f  6  times  the  thickness  of  the  thinnest  outside  plate  connected,  and  not  more  than 
40  times  that  thickness  at  right  angles  to  the  strain. 

57.  At  the  ends  of  compression  members  the  pitch  shall  not  exceed  four  diame- 
ters of  the  rivet,  for  a  length  equal  to  twice  the  width  of  the  member. 

58.  The  distance  from  the  edge  of  any  piece  to  the  centre  of  a  rivet-hole  must 
not  be  less  than  one  and  one-half  times  the  diameter  of  the  rivet,  nor  exceed  eight 
times  the  thickness  of  the  plate ;  and  the  distance  between  centres  of  rivet-holes  shall 
not  be  less  than  three  diameters  of  the  rivet. 

59.  All  joints  in  riveted  work,  whether  in  tension  or  compression  members,  must 
be  fully  spliced.  The  sections  of  compression  chords  shall  be  connected  at  the  abut- 
ting ends  by  splices  sufficient  to  hold  them  truly  in  position. 

60.  All  segments  of  compression  members  connected  by  latticing  only,  shall 
have  tie-plates  placed  as  near  the  ends  as  practicable.  They  shall  have  a  length  of 
not  less  than  the  greatest  depth  or  width  of  the  member,  and  a  thickness  not  less 
than  one-fiftieth  of  the  distance  between  the  rivets  connecting  them  to  the  com- 
pressed members. 

61.  Single  lattice  bars  shall  have  a  thickness  of  not  less  than  one-fortieth,  and 
double  bars  connected  by  a  rivet  at  the  intersection  of  not  less  than  one-sixtieth  of 
the  distance  between  the  rivets  connecting  them  to  the  member;  and  their  width 
shall  be: 

For  15-inch  channels,  or  built  sections  with  3^-  and 

4-inch  angles 2  J  inches  (f-inch  rivets). 

For  12-  and  lo-inch  channels,  or  built  sections  with 

3-inch  angles 2^  inches  (f-inch  rivets). 

For  9-  and    8-inch   channels,  or  built  sections  with 

2  J-inch  angles 2  inches  (f -inch  rivets). 

62.  All  pin-holes  shall  be  re-enforced  by  additional  material  when  necessary,  so 
as  not  to  exceed  the  allowed  pressure  on  the  pins.  These  rerenforcing  plates  must 
contain  enough  rivets  to  transfer  the  proportion  of  pressure  which  comes  upon  them, 
and  at  least  one  plate  on  each  side  shall  extend  not  less  than  6  inch^  beyond  the 
edge  of  the  tie-plate. 

63.  Web-plates  of  girders  must  be  spliced  at  all  joints  by  a  plate  on  each  side 
of  the  web,  not  less  than  three-eighths  of  an  inch  thick,  capable  of  transmitting  the 
full  strain  through  splice-rivets. 

64.  The  flange^plates  of  all  girders  must  be  limited  in  width  so  as  not  to  extend 
beyond  the  outer  lines  of  rivets  connecting  them  with  the  angles,  more  than  5  inches 
or  more  than  eight  times  the  thickness  of  the  first  plate.  Where  two  or  more  plates 
are  used  on  the  flanges,  they  shall  either  be  of  equal  thickness  or  shall  decrease  in 
thickness  outward  from  the  angles. 
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Ri  veted  work. 


Planing  and 
reaming. 


Forged  work. 
Eye-bars. 

Machine  work. 


Workmanship. 

65.  All  riveted  work  shall  be  punched  accurately  with  holes  one-sixteenth  of  an 
inch  larger  than  the  size  of  the  rivet,  and  when  the  pieces  forming  one  built  member 
are  put  together,  the  holes  must  be  truly  opposite ;  no  drifting  to  distort  the  metal 
will  be  allowed;  if  the  hole  must  be  enlarged  to  admit  the  rivet,  it  must  be  reamed. 

66.  All  holes  for  field  rivets,  excepting  those  in  connections  for  lateral  and  sway 
bracing,  shall  be  accurately  drilled  to  an  iron  templet  or  reamed  while  the  connecting 
parts  are  temporarily  put  together. 

67.  In  medium  steel  over  five-eighths  of  an  inch  thick,  all  sheared  edges  shall  be 
planed,  and  all  holes  shall  be  drilled  or  reamed  to  a  diameter  of  one- eighth  of  an  inch 
larger  than  the  punched  holes,  so  as  to  remove  all  the  sheared  surface  of  the  metal. 

68.  The  rivet  heads  must  be*  of  approved  hemispherical  shape,  and  of  a  uniform 
size  for  the  same  size  rivets  throughout  the  work.  They  must  be  full  and  neatly 
finished  throughout  the  work  and  concentric  with  the  rivet  hole. 

69.  All  rivets  when  driven  must  completely  fill  the  holes,  the  heads  be  in  full 
contact  with  the  surface,  or  countersunk  when  so  required. 

70.  Wherever  possible,  all  rivets  shall  be  machine-driven.  Power  riveters  shall 
be  direct-acting  machines,  worked  by  steam,  hydraulic  pressure,  or  compressed  air. 

71.  When  members  are  connected  by  bolts  which  transmit  shearing  strains, 
the  holes  must  be  reamed  parallel  and  the  bolts  turned  to  a  driving  fit. 

72.  The  several  pieces  forming  one  built  member  must  fit  closely  together,  and 
when  riveted  shall  be  free  from  twists,  bends,  or  open  joints. 

73.  All  portions  of  the  work  exposed  to  view  shall  be  neatly  finished. 

74.  All,  surf  aces  in  contact  shall  be  painted  before  they  are  put  together. 

75.  The  heads  of  eye-bars  shall  be  made  by  upsetting,  rolling,  or  forging  into 
shape.     Welds  in  the  body  of  the  bar  will  not  be  allowed. 

76.  The  bars  must  be  perfectly  straight  before  boring. 

77.  The  holes  shall  be  in  the  centre  of  the  head  and  on  the  centre  line  of  the  bar. 

78.  All  eye-bars  shall  be  annealed. 

79.  All  abutting  surfaces  in  compression  members  shall  be  truly  faced  to  even 
bearings,  so  that  they  shall  be  in  such  contact  throughout,  as  may  be  obtained  by 
such  means. 

80.  The  ends  of  floor  girders  shall  be  faced  true  and  square. 

81.  Pin-holes  shall  be  bored  truly  parallel  with  one  another  and  at  right  angles 
to  the  axis  of  the  member  unless  otherwise  shown  in  drawings;  and  in  pieces  not 
adjustable  for  length,  no  variation  of  more  than  one  sixty-fourth  of  an  inch  for  every 
20  feet  will  be  allowed  in  the  length  between  centres  of  pin-holes. 

82.  Bars  which  are  to  be  placed  side  by  side  in  the  structure  shall  be  bored  at 
the  same  temperature,  and  shall  be  of  such  equal  length  that,  upon  being  piled  on 
each  other,  the  pins  shall  pass  through  the  holes  at  both  ends  at  the  same  time  with- 
out driving. 

83.  All  pins  shall  be  accurately  turned  to  a  gauge,  and  shall  be  straight  and 
smooth. 

84.  The  clearance  between  pin  and  pin-hole  shall  be  one  thirty-second  of  an  inch 
for  all  lateral  pins;  and  for  truss  pins  the  clearance  shall  be  one-fiftieth  of  an  inch  for 
pins  3J  inches  in  diameter,  which  amount  shall  be  gradually  increased  to  one  thirty- 
second  of  an  inch  for  pins  6  inches  in  diameter  and  over. 

85.  All  pins  shall  be  supplied  with  steel  pilot  nuts,  for  use  during  erection. 

86.  All  workmanship  shall  be  first-class  in  every  particular. 


Process  of 
manufacture. 


Steel. 

87.  All  steel  must  be  made  by  the  open-hearth  process,  and  if  by  acid  process, 
shall  contain  not  more  than  o.c^ber  cent  of  phosphorus,  and  if  by  basic  process,  not 
more  than  0.05  per  cent*  of  phosphorus,  and  must  be  uniform  in  character  for  each 
specified  kind. 
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Finish. 
Test-pieces. 


Annealed 
test-pieoet. 


Markiiig; 

Physical 
properties. 

Rivet-steeL 


Soft 


Medium  stML 


Pull-size  test 
of  steel  eye* 
bars. 


Pin-statL 


Drifttnc. 


Slabs  for 
platei. 

Pini. 


VariatioD  In 
weight. 

Steel  casttngi. 


C^ifoo. 


88.  The  finished  bars,  plates,  and  shapes  must  be  free  from  injurious  seams, 
flaws,  or  cracks,  and  have  a  clean,  smooth  finish. 

89.  The  tensile  strength,  limit  of  elasticity  and  ductility,  shall  be  determined 
from  a  standard  test-piece,  cut  from  the  finished  material,  of  at  least  J  square  inch 
section.     All  broken  samples  must  show  a  silky  fracture  of  uniform  color. 

■  90.  Material  which  is  to  be  used  without  annealing  or  further  treatment  is  to 
be  tested  in  the  condition  in  which  it  comes  from  the  rolls.  When  material  is  to  be 
annealed  or  otherwise  treated  before  use,  the  specimen  representing  such  material 
is  to  be  similarly  treated  before  testing. 

91.  Every  finished  piece  of  steel  shall  be  stamped  with  the  blow  number  identify- 
ing the  melt. 

92.*  Steel  shall  be  of  three  grades:    Rivet,  Soft,  and  Medium. 

93.  Rivet-steel  shall  have:  Ultimate  strength,  48,000  to  58,000  poimds  per  square 
inch.  Elastic  limit,  not  less  than  one-half  the  ultimate  strength.  Elongation,  26 
per  cent.  Bending  test,  180  degrees  flat  on  itself,  without  fracture  on  outside  of 
bent  portion. 

94.  Soft  steel  shall  have:  Ultimate  strength,  52,000  to  62,000  pounds  per  square 
inch.  Elastic  limit,  not  less  than  one-half  the  ultimate  strength.  Elongation,  25 
per  cent.  Bending  test,  180  degrees  flat  on  itself,  without  fracture  on  outside  of 
bent  portion. 

95.  Medium  steel  shall  have:  Ultimate  strength,  60,000  to  70,000  pounds  per 
square  inch.  Elastic  limit,  not  less  than  one-half  the  ultimate  strength.  Elonga- 
tion, 22  per  cent.  Bending  test,  180  degrees  to  a  diameter  equal  to  thickness  of  piece 
tested,  without  fracture  on  outside  of  bent  portion. 

g6.  Full-size  test  of  steel  eye-bars  shall  be  required  to  show  not  less  than  10  per 
cent  elongation  in  the  body  of  the  bar,  and  tensile  strength  not  more  than  5000  pounds 
below  the  minimum  tensile  strength  required  in  specimen  tests  of  the  grade  of  steel 
from  which  they  are  rolled.  The  bars  will  be  required  to  break  in  the  body,  but 
should  a  bar  break  in  the  head,  but  develop  10  per  cent  elongation  and  the  ultimate 
strength  specified,  it  shall  not  be  cause  for  rejection,  provided  not  more  than  one- 
third  of  the  total  number  of  bars  tested  break  in  the  head;  otherwise  the  entire  lot 
will  be  rejected. 

97.  Pins  made  of  either  of  the  above-mentioned  grades  of  steel  shall,  on  speci- 
men test-pieces  cut  from  finished  material,  fill  the  requirements  of  the  grade  of  steel 
from  which  they  are  rolled,  excepting  the  elongation,  which  shall  be  decreased  5  per 
cent  from  that  specified. 

98.  Punched  rivet-holes,  pitched  two  diameters  from  a  sheared  edge,  must  stand 
drifting  until  the  diameter  is  one-third  larger  than  the  original  hole,  without  crack- 
ing the  metal. 

99.  The  slabs  for  rolling  plates  shall  be  hammered  or  "rolled  from  ingots  of  at 
least  twice  their  cross-section. 

100.  Pins  up  to  7  inches  diameter  shall  be  rolled. 

loi.  Pins  exceeding  7  inches  diameter  shall  be  forged  under  a  steel  hammer 
striking  a  blow  of  at  least  5  tons.  The  blooms  to  be  used  for  this  purpose  shall  have 
at  least  three  times  the  sectional  area  of  the  finished  pins. 

102.  A  variation  in  cross-section  or  weight  of  rolled  material  of  more  than  2 J 
per  cent  from  that  specified,  may  be  cause  for  rejection. 

103.  Steel  castings  shall  be  made  of  open-hearth  steel  containing  from  twenty- 
five  one-hundredths  to  forty  one-hundredths  per  cent  carbon  and  not  over  eight  one- 
htmdredths  per  cent  of  phosphorus,  and  shall  be  practically  free  from  blow-holes. 

104.  Except  where  chilled  iron  is  specified,  all  castings  shall  be  of  tough,  gray  iron, 
free  from  injurious  cold  shuts  or  blow-holes,  true  to  pattern,  and  of  workmanlike 
finish.  Test  bars  one  inch  square,  loaded  in  middle  between  supports  12  inches  apart, 
shall  bear  2500  pounds  or  over,  and  j^lect  0.15  of  an  inch  before  rupture. 


*  See  additional  specifications  for  steel  on  p.  533. 
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Timber. 


Timbec 


Paintixiff. 


lasrecti^n. 


Testing 


105.  The  timber  shall  be  strictly  first-class  white  pine,  Southern  yellow  pine, 
or  white  oak  bridge  timber;  sawed  true  and  out  of  wind,  full  size,  free  from  wind 
shakes,  large  or  loose  knots,  decayed  or  sapwood,  worm-holes,  or  other  defects  im- 
pairing its  strength  or  durability. 

Painting. 

106.  All  ironwork  before  leaving  the  shop  shall  be  thoroughly  cleaned  from  all 
loose  scale  and  rust,  and  be  given  one  good  coating  of  pure  boiled  linseed-oil,  well 
worked  into  all  joints  and  open  spaces. 

107.  In  riveted  work,  the  surfaces  coming  in  contact  shall  each  be  painted  before 
being  riveted  together. 

108.  Pieces  which  are  not  accessible  for  painting  after  erection  shall  have  two 
coats  of  paint. 

109.  The  paint  shall  be  of  good  quality  of  iron -ore  paint,  mixed  with  pure  Hnseed- 
oil,  or  such  as  may  be  specified  in  contract. 

no.  After  the  structure  is  erected,  the  ironwork  shall  be  thoroughly  and  evenly 
painted  with  two  additional  coats  of  paint,  mixed  with  pure  linseed-oil,  of  such  quality 
and  color  as  may  be  selected. 

111.  Pins,  pin-holes,  screw-threads,  and  other  finished  surfaces  shall  be  coated 
with  white  lead  and  tallow  before  being  shipped  from  the  shop. 

Inspection. 

112.  All  facilities  for  inspection  of  material  and  workmanship  shall  be  furnished 
by  the  contractor  to  competent  inspectors,  and  the  engineer  and  his  inspectors  shall 
be  allowed  free  access  to  any  part  of  the  works  in  which  any  portion  of  the  material 
is  made. 

113.  The  contractor  shall  furnish,  without  charge,  such  specimens  (prepared) 
of  the  several  kinds  of  material  to  be  used  as  may  be  required  to  determine  their 
character. 

Testing. 

114.  Full-sized  parts  of  the  structure  may  be  tested  at  the  option  of  the  pur- 
chaser; but,  if  tested  to  destruction,  such  material  shall  be  paid  for  at  cost,  less  its 
scrap  value,  if  it  proves  satisfactory. 

115.  If  it  does  not  stand  the  specified  tests,  it  will  be  considered  rejected  mate- 
rial, and  be  solely  at  the  cost  of  the  contractor,  unless  he  is  not  rSeponsible  for  the 
design  of  the  work. 
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TABLE    A. 


COEFFICIENTS  OF  IMPACT. 


L 

300 

L 

300 
L+300 

L 

300 

L 

300 

L  +  300 

L 

300 

L+300 

L  +  300 

L  +  300 

5 

0.984 

31 

0.906 

57 

0.840 

83 

0.783 

145 

0.674 

6 

0.980 

32 

0.904 

58 

0  838 

84 

0.781 

150 

0.667 

7 

0.977 

33 

0.901 

59 

0  836 

85 

0.779 

155 

0.659 

8 

0.974 

34 

0.898 

60 

0.833 

86 

0.777 

160 

0.652 

9 

0.971 

35 

0.896 

61 

0.831 

ll 

0.775 

165 

0.645 

lO 

0.968 

36 

0.893 

62 

0.829 

88 

0.773 

170 

0.638 

II 

0.965 

37 

0.890 

63 

0.826 

89 

0.771 

175 

0.632 

12 

0.962 

0.888 

64 

0.824 

90 

0.769 

180 

0.625 

13 

0.958 

39 

0.885 

65 

0.822 

91 

0.767 

185 

0.619 

14 

0-9S5 

40 

0.882 

66 

0.820 

92 

0.765 

190 

0.612 

IS 

0.952 

41 

0.880 

67 

0.817 

93 

0.763 

195 

0.606 

i6 

0.949 

42 

0.877 

68 

0.815 

94 

0.761 

200 

0.600 

17 

0.946 

43 

0.875 

69 

0.813 

95 

0.759 

210 

0.588 

i8 

0-943 

44 

0.872 

70 

0.811 

96 

0.758 

220 

0-577 

19 

0.940 

45 

0.870 

71 

0.809 

97 

0.756 

230 

0.566 

20 

0-937 

46 

0.867 

72 

0.806 

98 

0.754 

240 

0.556 

21 

0.935 

47 

0.865 

73 

0.804 

99 

0.752 

250 

0.546 

22 

0.932 

48 

0.862 

74 

0.802 

100 

0.750 

260 

0.536 

23 

0.929 

49 

0.860 

75 

0.800 

105 

0.741 

270 

0.526 

24 

0.926 

50 

0.857 

76 

0.798 

no 

0.732 

280 

0.517 

25 

0.923 

51 

0.85s 

77 

0.796 

"5 

0.723 

290 

0.508 

26 

0.920 

52 

0.852 

78 

0.794 

120 

0.714 

300 

0.500 

27 

0.917 

53 

0.850 

79 

0.792 

125 

0.706 

400 

0.429 

28 

0.915 

54 

0.847 

80 

0.789 

130 

0.698 

500 

0.375 

29 

0.912 

55 

0.845 

81 

0.787 

135 

0.690 

600 

0.333 

30 

0.909 

56 

0.843 

82 

0.785 

140 

0.682 

• 

TABLE  B. 

PERMISSIBLE  COMPRESSIVE  STRAINS, 
p— strain  allowed  in  lbs.  per  sq.  in.;  /^len^h;  r  —least  radius  of  gyration. 


P 

r 

P 

• 

2 

r 

P 

r 

Soft  Steel. 
iSiOoo 

Medium  Steel. 
1 7 ,000 

Soft  Steel. 
15.000 

Medium  Steel. 
X7.000 

Soft  Steel. 
15,000 

Medium  SteeL 
17,000 

i-       p 

P^            p 

1+       ^ 
i3,Soor» 

.1    '' 

.1    '' 

i3.Soor2 

ii.ooor^i 

ii,ooor* 

'  i3.Soor» 

xx,ooor* 

10 
12 

14 
16 

14,900 

Ui^^o 
14,780 
i4»720 

16,850 
16,780 
16,710 
16,610 

50 

52 
54 
56 

12,660 
12,500 
12,340 
12,180 

13.850 
13.650 
13.440 
13.230 

90 

92 

94 
96 

9.370 
9,220 
9,060 
8,910 

9.790 
9,610 
9,420 
9,240 

.    18 
20 
22 

24 

14,650 
14,560 
i4i4*o 
14,400 

16,510 
16,410 
16,290 
16,150 

58 
60 
62 
64 

12,010 
11,840 
11,670 
11,500 

13,020 
t2,8lO 

12,600 
12,390 

98 
100 
102 
104 

8,760 
8,610 

8,470 
8,320 

9,080 
8,910 
8,740 

8»57o 

26 
28 

30 
32 

14,280 
14,180 
14,070 
13*940 

16,020 
15.870 
15.710 
15.550 

66 
68 

70 
72 

11,340 
11,140 
11,010 
10,840 

12,180 
11,970 
11,760 

".550 

106 
108 
no 
Z12 

8,z8o 
8,050 
7,900 
7.780 

8,410 
8,250 
8,100 
7»94o 

34 
36 
38 
40 

i3»8io 
13,690 

13*550 
I3»420 

15.380 
15,210 

15.030 
14,840 

74 
76 

78 
80 

10,670 
10,500 
10,340 
10,180 

".350 
11,150 
10,950 
10,750 

114 
116 
Z18 
120 

7.640 
7.510 
7.380 
7,260 

7»790 
7.650 
7.500 
7*360 

4a 
44 
46 

48 

I3»270 
13,120 
12,960 
12,820 

14,650 
14,460 
14,260 
14,060 

82 

84 
86 

88 

10,010 

9.850 
9^690 

9.530 

10,550 

10,350 

10,160 

9.970 
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TABLE  C 

MAXIMX7M    BENDING    MOMENTS    ON    PINS. 
With  extreme  Fibre  Strains  of  23,000  ix>unds  per  sqiiare  inch  for  Soft  Steel,  and  as.ooo  pounds  per  square  inch  for  Medium  Steei. 


Moments  in 

[nch-pounds. 

Moments  in 

Inch-pounds. 

Diameter 

Area  of 
Pin  in 

Diameter 
of  Pin 

Area  of 
Pin  in 

of  Pin 

in 

Square 

33,000  Pounds 

35,000  Pounds 

in 

Square 

2 3, 000  Pounds 

25,000  Pounds 

Inches. 

Inches. 

per  Square 
Inch. 

per  Square 
Inch. 

Inches. 

Inches. 

per  Square 
Inch. 

per  Sqtiarc 
Inch. 

2 

3-142 

17,280 

19,600 

6i 

33.183 

593.100 

674,000 

at 

3-547 

20,730 

23,600 

6| 

34.472 

628,000 

713.700 

2\ 
2] 

3-976 

24,600 

28,000 

6| 

35-785 

664,200 

754,800 

4.430 

28,900 

32,900 

6i 

37.122 

701,800 

797.500 

2I 

4.909 

33i7oo 

38,400 

38.485 

740,800 

841  900 

2| 

5.412 

39,000 

44,400 

7i 

39.871 

781,200- 

887,800 

2I 

5-940 

44,900 

51,000 

7i 

41.282 

823,000 

935.300 

H 

6.492 

5i»3oo 

58,300 

7i 

42.718 

866,300 

984,500 

3 

7.069 

58.300 

66,300 

7i 

44.179 

911,200 

1,035,400 

3i 

7.670 

65,900 

74,900 

45.664 

957.500 

1,088,100 

3i 

8.296 

74,100 

84,300 

7I 

47-173 

1,005,300 

1,142,500 

3l 

8.946 

83,000 

94,400 

l\ 

48.707 

1,054,800 

1,198,700 

3i 

9.621 

92,600 

105,200 

8 

50.265 

1,105,800 

1,256,600 

3l 

10.321 

102,900 

116,900 

^ 

51-849 

1,158,500 

1,316,500 

3i 

11.045 

113,900 

129,400 

8i 

53.456 

1,212,800 

1,378,200 

3i 

11.793 

125,600 

142,800 

8i 

55.088 

1,268,800 

1,441,800 

4 

12.566 

138,200 

157,100 

8i 

56.745 

1,326,400 

1.507,300 

4i 

13-364 

151,600 

172,300 

8| 

58.426 

1,385,800 

1,574,800 

4i 

14.186 

165,800 

188,400 

8| 

60.132 

1,446.900 

1,644,200 

4i 

15-033 

180,800 

205,500 

81 

61.862 

1,509,800 

1,715,700 

4} 

15-904 

196,800 

223,700 

9 

63.617 

i;574,5oo 

1,789,200 

4i 

16.800 

213,700 

242,800 

9* 

65-397 

1,641,100 

1,864,800 

4} 

17.721 

231.500 

263,000 

9\ 

67 . 201 

1,709,400 

1,942,500 

4i 

18.665 

250,200 

284,000 

9i 

69.029 

1,779,600 

2,022,300 

5, 

19-635 

270,000 

306,800 

9i 

70.882 

1,851,800 

2,104,300 

5i 

20.629 

290,700 

330,400 

9* 

72.760 

1,925,900 

2,188,500 

Si 

21.648 

312,500 

•     355.200 

9| 

74.662 

2,001.900 

2,274,900 

5i 

22.691 

335.400 

381,100 

9} 

76-590 

2,079,900 

2,363,500 

5i 

23-758 

359.300 

408,300 

10 

78-54 

2,159,900 

2,454,400 

5f 

24.850 

384,400 

436,800 

10} 

82.52 

2,325,900 

2,643,100 

5i 

25-967 

410,600 

466,600 

10} 

86.59 

2,500,200 

2,841^200 

5l 

27.109 

438,000 

497.700 

10} 

90.76 

2,683,200 

3.049,100 

6 

28.274 

466,500 

530,200 

II 

95.03 

2,874,800 

3,266,800 

6i 

29-465 

496,300 

564,000 

»i 

99.40 

3,075,400 

3,494,800 

6i 

30.680 

527,300 

599,200 

Hi 

103.87 

3,284.800 

3,732,800 

6i 

31-919 

S59.60C 

635,900 

12 

113. 10 

3,732.200 

4,241,200 
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SPECIFICATIONS  FOR   MATERIAL  AND  WORKMANSHIP  FOR   STEEL   STRUCTURES 

ADOPTED   BY   THE   AMERICAN   RAILWAY   ENGINEERING   AND    MAINTENANCE    OP  WAY 

ASSOCIATION,   1903. 

The  following  are  the  principal  clauses  of  the  above  specifications  relating 
to  quality  of  material  and  its  treatment.  These  specifications  are  noteworthy  in 
recognizing  but  a  single  grade  of  structural  steel,  the  requirement  for  which  is 
between  those  of  the  \isual  soft  and  mediiun  steels: 


Process  ci 
mftnnfactnWi 


Material. 
I.  Steel  shall  be  made  by  the  open-hearth  process. 


2. 


Schedule  ol 
reqiiirBmimtfc 


AUowable 
%rariations. 


emical 


Chemi 
analyi 


Annealed 
speninenfc 


Number 
of  tests. 


Modifications 
in  elongation* 


Chemical  and  Physical  Properties. 

Structural  SteeL 

Rivet-steel. 

Steel  Castings. 

_,        ,                   .             (  Basic 

0.04  per  cent 
0.08    "       " 
0.05    "       '• 

0.04  per  cent 
0.04     "      " 
0.04     "      " 

0.05  per  cent 
0.08     "      " 

Phospnorus  maximum   -j  *  • , 

Sulnhur  maximum  »-  -,, ,-,,,,,,__ 

0.0s     "      - 

Ultimate  tensile  strength: 

Pounds  Dcr  snuare  inch 

Desired 
60,000 
1,500,000* 

Desired 

50,000 

1,500,000 

Not  less  than 
65,000 

Elongation:  min.  %  in  8" i 

tt                         €t               **         2"  . 

Ult.  tensile  str'gth 
22 

Silky 

i8o<>flatf 

Ult.  tensile  str'gth 

Silky 
i8o*>  flatj 

18 

Character  of  fracture  . 

Silky  or  fine 
(      granular 

90° 

Cold  bends  without  fracture 

*  See  paragraph  11. 


f  See  paragraphs  12,  13,  and  14. 


X  See  paragraph  15. 


The  yield-point,  as  indicated  by  the  drop  of  beam,  shall  be  recorded  in  the  test 
reports. 

3.  Tensile  tests  of  steel  showing  an  ultimate  strength  within  5000  pounds  of 
that  desired  will  be  considered  satisfactory,  except  that  if  the  ultimate  strength  varies 
more  than  4000  pounds  from  that  desired,  a  retest  shall  be  made  on  the  same  gauge^ 
which,  to  be  acceptable,  shall  be  within  5000  pounds  of  the  desired  ultimate. 

4.  Chemical  determinations  of  the  percentages  of  carbon,  phosphorus,  sulphur, 
and  manganese  shall  be  made  by  the  manufacturer  from  a  test  ingot  taken  at  the 
time  of  the  pouring  of  each  melt  of  steel,  and  a  correct  copy  of  such  analysis  shall  be 
furnished  to  the  engineer  or  his  inspector.  Check  analyses  shall  be  made  from  finished 
material,  if  called  for  by  the  purchaser,  in  which  case  an  excess  of  25  per  cent  above 
the  required  limits  will  be  allowed. 

9.  Material  which  is  to  be  used  without  annealing  or  further  treatment  shall  be 
tested  in  the  condition  in  which  it  comes  from  the  rolls.  When  material  is  to  be 
annealed  or  otherwise  treated  before  use,  the  specimen  representing  such  material 
shall  be  similarly  treated  before  testing. 

10.  At  least  one  tensile  and  one  bending  test  shall  be  made  from  each  melt  of 
steel  as  rolled.  In  case  steel  differing  three-eighths  inch  and  more  in  thickness  is  rolled 
from  one  melt,  a  test  shall  be  made  from  the  thickest  and  thinnest  material  rolled. 

11.  For  material  less  than  five-sixteenths  inch  and  more  than  three-quarters  inch  in 
thickness  the  following  modifications  will  be  allowed  in  the  requirements  for  elongation . 

(a)  For  each  one-sixteenth  inch  in  thickness  below  five-sixteenths  inch,  h 
deduction  of  2  J  per  cent  will  be  allowed  from  the  specified  elongation. 

(b)  For  each  one-eighth  inch  in  thickness  above  three-fourths  inch,  a  deduc- 
tion of  I  per  cent  will  be  allowed  from  the  specified  eloo^ation. 
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Bending  tests. 
Thick  materiaL 


Bending  angles. 


Nicked  bends. 


Rivet-holes. 


Punching. 


Riveting. 


Field 
connectioos. 


(c)  For  pins  and  rollers  over  3  inches  in  diameter  the  elongation  in  8  inches 
may  be  5  per  cent  less  than  that  specified  in  paragraph  2. 

12.  Bending  tests  may  be  made  by  pressure  or  by  blows.  Plates,  shap^,  and 
bars  less  than  i  inch  thick  shall  bend  as  called  for  in  paragraph  2. 

13.  Full-sized  material  for  eye-bars  and  other  steel  i  inch  thick  and  over  shall 
bend  cold  180  degrees  around  a  pin  the  diameter  of  which  is  eqtial  to  twice  the  thick- 
ness of  the  bar,  without  fracture  on  the  outside  of  bend. 

14.  Angles  three-quarters  inch  and  less  in  thickness  shall  open  flat  and  angles  one- 
half  inch  and  less  in  thickness  shall  bend  shut,  cold,  .under  blows  of  a  hammer,  with- 
out sign  of  fracture.   This  test  will  be  made  only  when  required  by  the  inspector. 

15.  Rivet-steel,  when  nicked  and  bent  around  a  bar  of  the  same  diameter  as 
the  rivet-rod,  shall  give  a  gradual  break  and  a  fine,  silky,  imiform  fracture. 

Workmanship. 

33.  When  general  reaming  is  not  required,  the  diameter  of  the  punch  for  mate- 
rial not  over  five-eighths  inch  thick  shall  be  not  more  than  one-sixteenth  inch,  nor 
that  of  the  die  more  than  one-eighth  inch  larger  than  the  diameter  of  the  rivet. 
Material  over  five-eighths  inch  thick,  except  minor  details,  and  all  material  where 
general  reaming  is  required,  shall  be  sub-punched  and  reamed  as  per  paragraph  61, 
or  drilled  from  the  solid.  Rolled  beams  and  channels  used  in  floors  of  railroad 
bridges  shall  be  sub-punched  and  reamed,  or  drilled  from  the  solid. 

34.  Punching  shall  be  accurately  done.  Slight  inaccuracy  in  the  matching  of 
holes  may  be  corrected  with  reamers.  Drifting  to  enlarge  unfair  holes  will  not  be 
allowed.  Poor  matching  of  holes  will  be  cause  for  rejection  at  the  option  of  the  in- 
spector. 

41.  Rivets  shall  be  driven  by  pressure  tools  wherever  possible.  Pneumatic 
hammers  shall  be  used  in  preference  to  hand  driving. 

46.  Holes  for  floor  girder  connections  shall  be  sub-punched  and  reamed  with 
twist  drills  to  a  steel  template  i  inch  thick.  Unless  otherwise  allowed,  all  other  field 
connections  shall  be  assembled  in  the  shop  and  the  unfair  holes  reamed;  and  when 
so  reamed  the  pieces  shall  be  match-marked  before  being  taken  apart. 


Addition.\l  Specifications  when  General  Reaming  and  Planing  Are   Required. 


Planing  edges. 
Reaming. 


Reaming  after 
assembhng. 


Removing 
bum. 


60.  Sheared  edges  and  ends  shall  be  planed  off  at  least  one-quarter  inch. 

61.  Punched  holes  shall  be  made  with  a  punch  three-sixteenths  inch  smaller  in 
diameter  than  the  nominal  size  of  the  rivets  and  shall  be  reamed  to  a  finished  diameter 
of  not  more  than  one-sixteenth  inch  larger  than  the  rivet. 

62.  Wherever  practicable,  reaming  shall  be  done  after  the  pieces  forming  cjne 
built  member  have  been  assembled  and  firmly  bolted  together.  If  necessary  to  take 
the  pieces  apart  for  shipping  and  handling,  the  respective  pieces  reamed  together 
shall  be  so  marked  that  they  may  be  reassembled  in  the  same  position  in  the  fi na^ 
setting  up.     No  interchange  of  reamed  parts  will  be  allowed. 

63.  The  burrs  on  all  reamed  holes  shall  be  removed  by  a  tool  countersink-HL' 
about  one-sixteenth  inch. 
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Mill-work  in  Iron :  - 


APPENDIX  B. 

PROCESSES  IN  THE  MANUFACTURE  AND  IN  THE  INSPECTION  OF  IRON  AND  STEEL 

STRUCTURES.  ♦ 

Of  the  four  natural  divisions  into  which  the  construction  of  a  metallic  framed  structure  is  divided,  i.e.. 
Design,  Mill-work.  Shof>-work,  and  Erection,  the  first  has  been  treated  in  the  body  of  this  work,  and  of  the 
remainder,  the  mill-work  and  shop-work  alone  will  be  considered  here. 

MILL-WORK. 

Processes  in  Manufacture.— Iron. — The  order  of  the  manufacturing  processes  are  as  follows: 

1.  Making  the  Pig. 

2.  Puddling. 

3.  Rolling  the  Muckbars. 

4.  Cutting  and  Piling. 

5.  Rolling. 

6.  Straightening. 

7.  Working  and  Shearing. 

8.  Inspection. 

For  what  is  called  double- refined  iron,  after  item  No.  5,  it  would  be  necessary  to  insert  two  more  items,  i.e., 
Cutting  and  Piling,  and  Rerolling. 

The  Pig  is  made  by  melting  the  ore  with  a  flux,  in  a  blast-furnace,  the  product  being  run  out  into  a 
series  of  small  "  pens  "  to  cool. 

This  is  then  puddled  in  a  square  box  furnace,  also  called  a  reverberatory  furnace,  where  it  is  remelted, 
much  of  the  combined  carbon  and  other  impurities  burned  out  of  it,  when  the  iron  is  gradually  gathered 
by  the  puddler  into  spongy  masses  called  puddle-balls,  weighing  about  seventy -five  pounds  each.  These  are 
then  removed  from  the  furnace  and  taken  to  either  a  hammer  or  a  cam-squeezer,  and  worked  down  into  a 
shape  suitable  for  rolling  into  muck-bar.  This  process  also  removes  most  of  the  slag  contained  in  the  ball. 
The  material  is  next  sent  through  the  muck-rolls  and  reduced  to  muck-bar.  These  bars  are  usually  about 
four  or  five  inches  wide  and  one  inch  thick,  and  are  verv  rough  in  appearance. 

This  muck-bar,  together  with  waste  scrap-iron,  is  then  cut  up  into  lengths,  usually  not  over  six  or  seven 
leet,  depending  upon  the  size  of  the  piece  to  be  rolled,  and  reheated  in  an  oven  and  then  passed 
through  the  rolls.  As  has  been  said,  for  double-refined  iron  this  material  would  again  be  cut  up,  piled,  re- 
neated,  and  again  rolled  into  fiat  bars,  and  these  repiled  and  rolled  to  the  final  shapes.  This  material  is 
much  stronger  and  more  homogeneous  than  the  first  product,  which  is  called  Refined  Iron  or  Merchant  Bar. 
Alter  the  material  has  been  rolled  to  its  final  forms  it  is  run  out  on  a  series  of  skids  called  the  hot-bed, 
where  it  is  allowed  to  cool.  From  here  it  goes  through  the  straightening  machine.  This  may  be  either  a 
gag-press  or  a  train  of  rolls,  three  below  and  two  above.  The  latter  is  much  the  better,  producing  straighter 
bars  with  less  injury  to  the  material. 

After  coming  from  the  straightening  machine  the  material  is  marked  and  sheared  to  length,  and  then 
inspected.  Each  piece  is  marked  in  white-lead  with  its  true  dimensions,  and  also,  in  the  case  of  steel,  with 
its  heat  and  bloom  number.     The  material  is  now  ready  to  be  shipped  to  the  bridge  manufacturer.t 

Steel- WORK. — Steel  is  made  by  various  processes,  of  which  the  best,  to  date,  are  the  Open-hearth  and 
the  Bessemer.  For  a  complete  discussion  of  these  processes  see  standard  works  on  the  metallurgy  of  iron 
:ind  steel.t  The  Open-hearth  processes  (for  there  are  several),  though  slower  (requiring  from  seven  to  ten  hours 
for  one  heat,  while  the  Bessemer  blow  can  be  made  in  half  an  hour),  are  considered  by  many  engineers  to  be 
more  thorough,  producing  a  more  homogeneous  material  than  the  Bessemer  product.  With  the  same  grade 
of  ore  in  each  case  this  is  undoubtedly  true.  A  cheaper  grade  of  ore  is  employed  usually  in  the 
Open-hearth  process.  When  the  melt  is  finished  it  is  run  off  into  ingot-moulds.  The  ingots  are  about 
eighteen  inches  square  at  one  end  and  twenty  inches  square  at  the  other,  and  about  six  feet  long.     One 

•  Sec  also  Specifications  for  Structural  Steel  for  Modern  Railroad  Bridges ,  and  lostructions  to  Inspectors,  by  Geo. 
H.  Thomson,  Consulting  Engineer,  Grand  Central  Sution,  New  York. 

*•  Especially  Howe's  Metallurgy  of  Steel;  also  a  paper  on  Specifications  for  Structural  Steel,  by  H.  H.  Campbell,  ia 
Trans.   >jd  W»  ^  E.,  Vol.  XXXlII. 


536  APPENDIX. 

blow  from  the  Bessemer  converter  makes  three  such  ingots,  while  a  melt  or  neat  irom  tne  open-hearth 
furnace  will  make  six. 

From  each  heat  or  blow  there  is  also  cast  a  small  billet  about  four  mches  square,  which  is  rolled  down 
into  a  three-quarter-inch  round,  from  which  the  heat  or  blow-tests  are  made  for  determining  me  quality  of 
the  steel.  A  chemical  analysis  is  also  made  of  each  heat.  The  large  ingots  are  next  reheated,  and  taken 
to  the  blooming-mill,  where  they  are  rolled  down  and  cut  into  blooms.  The  size  of  these  will  vary  accordingr 
to  the  order  in  hand.    Each  bloom  is  supposed  to  make  a  certain  number  of  ordered  pieces. 

The  remaining  processes  in  the  mill  are  the  same  for  steel  as  !or  iron,  with  the  exception  noted. 

Inspection. — In  the  inspection  of  iron,  no  tests  can  be  made  before  the  material  is  rolled.  Specimens 
are  then  selected,  two  or  three  or  more,  depending  upon  the  size  of  the  order,  from  each  size  and  shape,  and 
from  these  test  specimens  are  cut,  about  i8"  in  length,  \"  in  width  in  the  reduced  portion,  the  thickness 
being  left  the  same  as  that  from  which  the  specimen  was  taken. 

In  iron  each  pile  may  differ  from  all  the  others.  This  difference  is  in  general  very  slight,  the  same 
kind  of  muck-bar  and  the  same  kind  of  scrap  being  used.  Nevertheless,  for  this  reason  more  tests  ^xe,  made 
of  iron  than  of  steel. 

In  steel,  tests  are  made  on  the  f "  round  specimens  before  the  material  is  rolled.  These  tests  wiU  usually 
run  a  little  below  the  final  finished  material  tests  in  elastic  limit  and  ultimate  strength,  and  a  littU  above 
them  in  elongation  and  reduction.  Allowance  should  be  made  for  this  variation  in  the  acceptance  of  the 
heat. 

After  the  material  is  rolled  test  specimens  are  taken,  one  from  each  size  of  each  heat  for  tension  tests. 
Specifications  usually  require  also  bending,  nicking  and  bending,  punching,  and  tempering  tests.  One  test 
of  each  kind  for  each  heat  is  all  that  would  be  required. 

These  represent  the  physical  tests  of  the  material.  For  each  of  them  the  inspector  can  get  numerical 
values.  For  the  superficial  inspection,  however,  he  cannot  do  this,  and  here  he  is  largely  left  to  his  own 
judgment.  Rejections  at  this  point  are  for  various  reasons,  such  as  un welded  or  ragged  edges,  burns,  cinder 
spots,  blisters,  etc.,  not  easily  described,  but  learned  by  experience. 

In  inspecting  the  material  the  inspector  should  have  a  copy  of  the  mill  order  and  check  off  such  as  he 
accepts,  so  that  he  as  well  as  the  mill  people  may  know  how  much  remains  to  be  furnished. 

With  his  hammer  he  should  also  stamp  every  accepted  piece,  putting  a  ring  of  white-lead  around  the 
mark.  This  will  save  much  trouble  at  the  shop,  and  should  never  be  neglected.  When  the  material  is 
shipped  he  should  compare  the  invoices  with  his  mill  order,  and  see  that  no  more  than  he  has  accepted  has 
been  shipped.  In  iron,  superficial  inspection  of  the  muck-bar  is  sometimes  required,  and  also  of  the  piling. 
If,  however,  the  finished  material  is  to  be  thoroughly  tested  these  restrictions  are  not  necessary. 

It  is  not  just  to  demand  a  certain  grade  of  article  and  also  specify  how  it  shall  be  obtained.  The  same 
is  true  with  regard  to  the  limitations  placed  upon  the  chemical  composition  of  steel.  The  physical  tests 
should  be  sufficient  to  develop  its  capacity  for  performing  the  work  it  has  to  do. 

SHOP-WORK. 
Processes  in  Manufacture. — ^The  various  processes  in  the  shop  are  as  follows: 

1.  Straightening  (when  necessary). 

2.  Marking-off  and  punching. 

3.  Straightening. 

4.  Reaming. 

5.  Assembling. 

6.  Reaming. 

7.  Riveting. 

8.  Facing. 

9.  Boring. 

10.  Finishing. 

11.  Fitting  up. 

12.  Inspecting. 

13.  Oiling  and  Painting, 

14.  Shipping. 

This  table  applies  to  large  members  as  a  whole,  such  as  posts,  chords,  girders,  etc.  On  any  given  con- 
tract there  will  be  more  or  less  machine  and  blacksmith  shop-work  not  provided  for  in  the  table. 

Straightening. — This  is  often  necessary,  either  because  it  has  not  been  done  properly  at  the  mill  or 
has  been  abused  in  handling.     The  work  cannot  be  laid  off  well  if  the  material  is  very  crooked. 


Order  of  processes  in  shop :  - 
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Marking-off  and  Punching. — ^Templets  are  made  for  the  proper  gauge  and  pitch  of  rivets,  and  from 
these  the  material  is  marked  ofif.  Upon  this  work  single  punches  are  used.  For  complementary  chord 
angles  no  templets  are  necessary.  They  are  clamped  together  and  put  through  a  rack  punch.  Multiple 
punches  are  used  on  web  plates.  With  these  the  entire  row  of  stififener  rivet-holes  can  be  punched  at  one 
setting.  The  rack  and  multiple  punches  save  a  great  deal  of  time,  but  they  require  more  skill  and  care  to 
achieve  as  good  results  as  are  obtained  from  the  templet,  single-punch  work.  A  broken  gauge-line  on  chotd 
ingles  makes  very  unsic<htly  work. 

All  material  is  stretched  slightly  by  the  process  of  punching.  This  is  very  noticeable  in  chord  angles, 
especially  if  both  legs  are  punched,  in  which  case  it  may  amount  to  as  much  as  i  to  i  inch  in  20  feet.  It  will 
vary  according  to  the  size  of  the  angle  and  size  and  pitch  of  the  rivets.  The  effect  upon  web  plates  is  to 
stretch  a  small  strip  of  the  plate  next  to  the  punched  edge.  This  results  in  a  continuous  series  of  short 
buckles  along  this  edge,  impossible  to  take  out  in  bolting  up  the  member. 

Straightening. — On  account  of  this  buckling  of  the  material  in  punching,  the  material  should  always 
be  sent  to  the  rolls  and  straightened  before  assembling.  This  is  a  very  important  item,  but  one  which  is 
sometimes  entirely  disregarded.  If  it  is  not  done,  the  angles  and  web  plate  cannot  be  made  to  come 
together.  Then  in  the  ordinary  process  of  rapid  riveting,  the  rivet  will  be  sufficiently  hot  after  the  pressure 
is  removed  to  allow  the  spring  between  the  angles  and  plate  to  distort  or  draw  the  rivet  slightly.  When  the 
next  rivet  goes  in  it  draws  the  material  up  again,  and  this  leaves  the  first  rivet,  if  not  loose,  at  any  rate  not 
cupped  down.  This  will  be  true  of  every  rivet  driven  unless  the  pressure  is  held  on  an  unusual  length  of 
time.  In  cases  like  this  it  is  not  unusual  for  as  high  as  20  per  cent  of  the  rivets  in  a  girder  to  be  cut  out. 
The  finished  member  also  never  looks  as  well  as  if  the  material  had  been  straightened. 

Reaming. — This  may  be  done  by  hand  or  by  flexible  tube-reamers  attached  to  the  shafting.  The  latter 
method  is  of  course  much  the  better.  Nearly  all  specifications  require  that  the  material  shall  be  punched 
to  a  diameter  ^  in.  less  and  reamed  to  a  diameter  -^  in.  greater  than  that  of  the  rivet.  Some  specifications 
require  the  punched  holes  to  be  reamed  to  a  diameter  \  in.  larger  than  the  rivet.  This  is  for  the  purpose  of 
removing  the  material  affected  by  the  punch.  It  has  not  been  established,  however,  that  in  soft  steel  the 
material  around  the  hole  has  been  materially  injured  in  punching  plates  less  than  f  in.  in  thickness.* 

On  the  punch  side  of  the  plate  the  material  remains  in  its  normal  condition  and  uninjured,  but  on  the 
die  side  the  effect  is  different  and  the  material  is  injured  from  the  cold  flowing  produced  here.  This  injury 
will  vary  directly  with  the  thickness  of  the  plate,  and  with  the  bluntness  of  the  edges  of  punch  and  die. 

Assembling. — ^The  next  process  is  to  collect  all  the  various  pieces  forming  a  member  of  the  structure 
and  bolt  them  up  preparatory  to  riveting. 

Reaming. — Before  going  to  the  riveter,  however,  a  reamer  is  passed  through  all  the  holes  to  make  sure 
that  the  rivet  will  enter.  It  is  thus  seen  that  we  have  two  reamings.  Owing  to  the  stretching  of  the 
material  in  the  punching,  the  angles  stretching  more  than  the  web,  and  to  accidental  causes,  it  is  impossible 
to  make  all  the  holes  flt.  In  a  30-ft.  girder  the  holes  near  the  ends  may  not  match  by  -^V  ^>i*  '^^^  reamer 
is  put  through  and  takes  off  not  more  than  tV  iii<  from  the  angles  and  the  remaining  \  in.  from  the  web. 
This  leaves  a  pocket  i  in.  deep  at  the  web  into  which  the  rivet  must  back  up  in  order  to  fill  the  hole  and  be 
able  to  transmit  stress.  It  takes  a  good  riveting-machine  to  do  this  well.  Usually  it  would  not  be  done. 
For  this  reason  the  writer  is  in  favor  of  punching  the  material  to  a  diameter  i  in.  less  than  the  diameter  of 
the  rivet,  and  of  having  but  one  reaming,  that  being  done  after  the  pieces  are  assembled.  Some  would 
make  the  objection  to  this  method,  that  all  of  the  mjured  material  around  the  hole  would  not  be  removed. 
But  as  it  would  be  better  to  have  the  vacant  space  hlled  with  anything  than  with  nothing  at  all^  and  as 
what  proof  there  is  available  upon  the  subject  seems  to  indicate  that  no  real  injury  has  oeen  done  to  the 
working  strength  of  the  member,  the  method  would  seem  to  be  worthy  of  adoption. 

Riveting. — Whenever  it  is  practicable,  rivets  are  driven  by  machine  riveters.  These  are  of  many 
kinds.  Compressed  air,  steam,  and  water  furnish  three  different  Kinds  Jt  power,  and  each  ot  these  are 
applied  to  several  different  styles  of  machines.  They  ma.  oe  divided  into  two  general  classes,  direct  and 
indirect  acting.  By  a  direct*actinfir  riveting-machine  is  meant  one  m  ^rtiicb  tne  ram  moves  m  the  line  of 
flnal  pressure  throughoat  the  stroke.  The  mdirect-actmc  machines,  instead  ot  a  ram  acting  directly  from 
the  piston,  have  two  jaws  pivoted  m  the  middle,  the  power  t>eing  applied  at  one  end  and  the  pressure  on  the 
rivet  at  the  other.  The  jaw  therefore  moves  in  the  arc  ot  a  circle.  These  machines  act  well  enough  where 
the  thickness  of  material  through  which  the  nvetin«  is  oein$;  <ione  is  equal  to  the  distance  between  the  cups 
on  the  fixed  and  movable  jaws  when  the  faces  of  these  cups  are  parallel.  If  these  distances  are  not  equal 
lop-sided  rivets  will  be  the  result.  To  make  good  nvet-heads  with  such  a  machine,  therefore,  requires  fof 
each  diameter  of  rivet  a  set  of  cups,  one  for  each  length  of  rivet.  Some  of  these  cups  may  be  dispensed 
with  by  having  a  set  of  washers  to  go  under  the  cup. 

*  See  Appendix  A  on  this  subject. 
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The  indirect-acting  riveter  is  not  as  satisfactory  as  the  direct-acting,  and  is  very  often  forbidden  on 
large  contracts. 

The  hydraulic,  direct-acting  machine  is  the  most  satisfactory  of  all.  Steam  and  compressed  air  work 
well  on  the  average,  but  when  it  happens  that  all  the  machines  in  a  shop  are  working  to  their  full  capacity 
at  the  same  time,  the  pressure  usually  runs  low. 

Facing. — All  abutting  ends  of  members  need  to  be  planed  off.  This  is  done  by  means  of  a  rotary 
planer  or  facer.  This  machine  has  a  face-plate  revolving  in  a  vertical  plane,  into  and  at  right  angles  to 
which  are  set  a  series  of  cutting  tools,  from  three  to  six  inches  apart,  forming  a  circle  around  the  centre  of 
the  face.  The  piece  to  be  planed  is  bolted  to  a  bed  in  front  of  this  face,  and  the  latter  is,  by  means  of  a  screw, 
fed  across  the  end  of  the  piece,  each  tool  taking  off  a  slight  cTiip.  The  frame  holding  the  faceplate  can 
also  be  revolved  around  a  vertical  axis  any  required  number  of  degrees  so  as  to  plane  the  end  on  a  mitre 
if  so  desired,  as,  for  example,  the  ends  of  batter-posts. 

Boring. — For  boring  pin-hdles,  etc.,  two  kinds  of  machines  are  used,  vertical  and  horizontal.  The 
latter  is  generally  preferable,  allowing  a  more  accurate  adjustment  of  the  member. 

Finishing. — This  includes  all  hand  work  necessary  to  finish  the  piece,  such  as  putting;  on  of  brackets, 
driving  such  rivets  as  could  not  be  driven  by  machine,  chipping,  and  making  whatever  changes  the  inspector 

may  require. 

Oiling  and  Painting. — Before  shipping,  the  material  should  be  cleansed  of  loose  scale  and  rust,  and 
oiled  with  a  coat  of  pure  raw  linseed  oil.  After  this  it  should  be  painted  with  some  good  quality  of  paint, 
but  this  is  not  usually  done  at  the  shop. 

Inspection. — On  a  larg^  :ontract  of  from  5000  to  io,ocx)  tons  of  material,  the  best  shop  inspection  is 
secured  by  the  employment  01  special  inspectors  who  give  the  work  their  personal  supervision  and  report 
directly  to  the  Chief  Engineer.  The  mill  work,  however,  is  more  economically  done  by  the  agents  of  some 
regular  Inspection  Bureau. 

Such  a  contract  as  the  one  named  above  requires,  in  the  shops,  two  men,  one  being  the  Chief  Inspector 
and  the  other  his  Assistant.  The  Chief  Inspector  does  all  of  the  actual  inspection,  receives  reports  from 
mill  inspectors,  loo^i  out  for  possible  causes  of  delay,  and  has  the  general  supervision  of  all  the  work.  He 
reports  weekly  to  the  Chief  Engineer.  His  assistant  helps  in  taking  .measurements,  keeps  up  invoice 
reports  (checking  weights  of  same  if  the  contract  is  by  the  pound),  keeps  track  cf  material  for  the  daily 
progress  report,  makes  tests  of  material,  and  does  many  other  things  of  a  similar  nature. 

The  Records. — If  there  is  a  time-penalty  clause  in  the  specifications,  as  there  usually  is,  another  object 
of  the  mspection  is  to  be  able  to  testify  as  to  the  cause  and  character  of  any  delay  in  the  prosecution  of  the 
work.  To  keep  account  of  the  material  in  such  a  way  that  this  can  be  done  is  not  a  simple  matter.  On 
such  a  contract  as  has  been  named  it  would  require  the  inspector  to  know,  at  any  time,  the  exact  condition 
of  from  12,000  to  24,000  pieces  of  material.  This  is  not  as  difficult  a  task  as  it  would  seem  at  first. 
Of  these  12,900  to  24,000  pieces  not  all  are  changing  their  condition  each  day.  Probably  half  of  them  are. 
Then,  too,  they  go  in  groups,  so  that  we  can  greatly  reduce  the  number. 

To  keep  this  record  requires  a  day-book  ruled  as  below : 


Le/i'kand  page. 

Rigk  t-hn  nelptiffe. 

General  Remarks. 

• 

1 

1 

• 

•8 

• 

•a 

n 

• 

Riveted. 

• 

1 

• 

• 

In  these  columns,  each  day,  the  inspector  enters  the  aesignation  of  the  piece  which  has  received  that 
particular  treatment.  It  will  not  always  be  possible  for  him  to  get  these  independently  of  the  contractor, 
but  that  is  not  necessary.  If  he  goes  about  it  in  the  right  way  the  contractor  will  allow  him  access  to  the 
daily  reports  of  the  shop,  which  of  necessity  are  as  correct  as  maybe.  From  these  he  can  readily  get  the  last 
five  columns  and  enter  them  directly  into  his  day-book.  Punching  and  reaming  are  more  difficult  to  get. 
But  these  also  in  most  shops  he  can  get  from  the  shop  records.  But  they  will  probably  give  the  record  for 
the  component  pieces  and  not  for  the  whole  member.     In  this  case  he  cannot  use  the  day-book  at  first,  bu^ 
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must  take  the  shop  list  on  which  all  of  the  members  with  thefar  component  pieces  are  given,  and  a  copy  of 
which  he  can  get. 

On  these  sheets,  using  red  ink  entirely,  he  rules  two  columns,  one  for  punching  and  one  for  reaming,  and 
then  enters  up  these  records  for  each  of  the  essential  component  pieces  with  date.  Then  when  these  have 
all  been  treated  for  that  member  he  enters  it  in  his  day-book  for  the  day  on  which  the  last  really  necessary 
piece  of  the  member  was  finished. 

For  keeping  account  of  the  mill  material  he  checks  off  on  the  mill  order,  a  copy  of  which  he  has,  the 
pieces  from  invoices  as  they  come  in,  entering  date  of  receipt  of  car.  Thus  the  assistant  has  a  record  Oh 
^very  piece  from  the  time  it  left  the  mill  until  ready  for  finishing  and  inspecting.  The  rest  is  obtained  by 
the  Chief  Inspector  himself. 

When  a  large  number  of  pieces  of  similar  but  slightly-varying  construction  are  under  contract,  the 
inspection  is  sometimes  rendered  difficult  by  the  large  number  of  sheets  of  drawings  involved.    This  diffi 
culty  is  best  obviated  by  the  preparation  of  tables  giving  all  of  the  important  descriptive  features  of  eacu 
member.    These  tables  are  made  out  in  a  note-book  which  the  Chief  Inspector  always  has  with  him. 

The  table  for  chords  and  posts  is  given  below : 

CHORDS  AND  POST& 


No.  of 
Draw- 

Name 

of 
Piece. 

Length 
over 
aU. 

Length 

tween 
Pin- 

SiM  of  Pin-hole. 

Slieof 

Web 

or  Bar. 

Sixe  of  Chord 
Angles. 

Thick- 

neaaof 

Pin- 

bear* 

Ing. 

a-««. 

Cover- 
plates. 

SpHco- 
platct. 

RtBMilia. 

«IW. 

N. 

S. 

Top. 

Boc 

Inaide. 

Out- 
tide. 

- 

The  floor-beam  and  stringer  table  wookl  be  as  follows : 


FLOOR-BEAMS  AND  STRINGERS. 


No.  el 

Name  of 
Piece. 

Length. 

Siae.  of  Choid  Ai«lea. 

Sise  of  End 
Stiffeners. 

Md  of  Rivets 

faiBnd 
Connections. 

SixeofWeb. 

Drawing. 

Top^ 

Bottom. 

In  case  the  floor-beams  have  hangers  or  a  direct  conneaion  to  the  pin  a  slightly  different  form  would 
be  required. 

In  elevated  or  viaduct  work,  also,  the  stringer  table  would  require  some  extra  oohunos  to  provide  for 
the  bevels  at  the  ends  on  grades  and  curves,  thu^. 


Bevtk.                                      1 

VertlciU. 

HorinotsL              1 

IPlndBnd. 

Expansion  Bnd* 

Fixed  End. 

BspMMlOOBBd 

' 
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A  very  simple  table  suffices  for  eye-bars.  Other  things  such,  as  pins,  rollers,  bracing  rods,  lateral  plate% 
pedestals,  etc.,  are  all  easily  tabulated.  Often  it  is  neither  necessary  nor  advisable  to  do  this.  They  may  be 
more  easily  inspected  either  from  the  drawings  or  the  shop  lists.  But  this  advantage  of  tabulation  should 
be  taken  into  consideration.  It  enables  the  inspector  to  have  always  with  him,  without  any  inconvenience, 
a  complete  record  of  all  the  pieces.  There  is  no  trusting  to  memory.  If  in  passing  through  the  shop  at 
any  time  he  notices  something  wrong  with  a  certain  piece,  he  enters  it  in  the  column  for  remarks  against 
that  piece,  and  then  notifies  the  foreman  of  that  department.  When  this  piece  comes  up  for  final  insf)ectioQ 
the  note  is  found  and  that  point  re-examined. 

The  inspector  should  so  arrange  his  work  as  to  inconvenience  the  contractor  as  little  as  possible.  He 
cannot  leave  his  inspection  until  the  material  is  ready  to  ship.  Neither  can  he  inspect  and  accept  the  piece 
in  each  of  its  suqcessive  steps  through  the  shop.  The  proper  adjustment  of  the  work  will  vary  somewhat 
for  different  shops  and  for  the  kind  of  work.  But  he  should  always  be  on  hand  when  wanted,  and  should 
keep  a  watchful  eye  on  all  of  the  departments. 

One  objection  to  the  subdivision  of  the  inspection  is  that  the  inspector  finds  it  difficult  to  keep  account 
of  what  has  been  inspected  and  what  has  not.  By  the  method  of  tabulation  spoken  of  above  this  is 
rendered  perfectly  easy  and  reliable.  If  certain  things  on  certain  members  have  been  inspected  before  the 
completion  of  the  member,  some  sign  or  letter  indicating  the  same  is  entered  opposite  each  of  these  mem- 
bers in  his  note-book,  and  the  same  signs  put  upon  the  members  themselves  in  soapstone.  When  the 
member  is  finished  the  remaining  requirements  are  checked. 

Details  of  the  Work  of  Inspection. — The  inspector  should  see  that  the  material  is  not  so 
crooked  when  it  starts  into  the  shop  as  to  prevent  its  being  properly  laid  off  or  gauged  and  punched. 
After  being  punched  the  material  should  be  straightened. 

The  punch-dies  should  be  examined  occasionally  to  see  that  the  edges  are  sharp  and  unbroken^  and  that 
the  difference  in  diameter  between  the  upper  and  lower  does  not  exceed  -^  inch. 

After  being  straightened  and  reamed,  the  various  pieces  forming  a  single  member  are  assembled.  This 
requires  a  good  deal  of  care.  Web  splices  and  all  abutting  sections  should  be  made  to  close  tightly  and  the 
splice-plates  fitted  on  and  reamed  while  in  this  position.  Excessive  drifting,  or  drifting  for  any  purpose 
other  than  bringing  the  pieces  to  the  proper  position,  should  not  be  allowed. 

The  inspector  should  see  that  a  sufficient  number  of  bolts  are  used  to  hold  the  material  snugly  together 
while  being  riveted.  The  inspector  should  see  that  all  stiffeners  fit  tight  against  the  chord  angles,  and  that 
all  surfaces  to  be  riveted  together  are  painted  before  being  bolted  up.  After  being  assembled  all  the  rivet- 
holes  are  to  be  reamed. 

Ordinarily  not  much  trouble  is  experienced  with  power  riveting-machines.  Sometimes,  however,  the 
power  gets  low  and  many  loose  rivets  are  found.  One  cause  for  this  is  the  removal  of  the  bolts  too  far 
ahead  of  the  riveting-machine.  In  testing  rivets  they  should  be  struck  two  short,  sharp  blows,  one  on  each 
side  of  the  head,  with  a  hammer  weighing  about  one  pound,  the  handle  to  which  is  quite  small  in  the  shank, 
allowing  the  absorption,  at  this  point,  of  some  of  the  spring  of  the  hammer.  When  the  handle  is  held  at  th« 
proper  point  and  the  rivets  are  solid,  no  jarring  effect  is  felt  in  the  hand.  A  little  experience  enables  on« 
to  detect  loose  rivets  by  means  of  the  action  of  this  handle  where  no  rattling  sound  could  be  heard,  and 
where  no  movement  could  be  detected  by  the  finger  placed  at  the  angle  between  rivet-head  and  girder. 

Very  often  there  is  trouble  with  countersunk  rivets  driven  by  a  machine.  The  reason  is  this:  Th% 
rivets  are  a  trifle  too  long.  This  excess  material  spreads  out  under  the  die  and  overlaps  the  hole.  Being  thic 
this  edge  hardens  quickly,  and  then  no  amount  of  pressure  will  upset  the  body  of  the  rivet  any  further.  It 
will  appear  tight  until  chipped,  when  it  is  often  found  to  be  loose.  Drawings  often  require  flat-head  rivets  in 
certain  places  where  there  is  not  enough  clearance  for  the  hemispherical  head  and  yet  where  all  the  space 
obtained  by  countersinking  is  not  necessary.  On  account  of  the  difficulty  mentioned  above,  such  rivet- 
heads,  less  than  J  inch  in  thickness,  should  not  be  allowed.  If  left  unchipped  it  cannot  be  known  whethet 
the  rivet  fills  the  hole  or  not. 

In  hand  riveting,  spring  dollies,  for  holding  up  the  rivet,  should  be  used  where  possible,  especially  for 
heavy  pieces.  These  dollies  consist  of  a  long  bar  of  wood  or  iron  used  as  a  lever,  the  short  end  of  which  is 
bent  up  and  contains  a  cup  that  fits  on  the  head  of  the  rivet.  In  this  way  the  effective  weight  of  the 
dollie,  for  the  resistance  of  the  impact  of  the  sledge,  is  equal  to  whatever  v;reifeht  '.s  u^ed  on  the  long  end,  • 
multiplied  by  the  ratio  of  the  lever- arms.  With  two  men  on  the  dc'ilib  this  ;;ap  dc  made  quite  large. 
This  is  assuming  that  the  piece  being  riveted  is  sufficiently  heavy  to  hold  them.  up. 

Spring  dollies  cannot  be  used  on  light  work.  For  this,  sim^^lt  n?.nd  aollie«,  weighing  Trorn  fifteen  to 
twenty-five  pounds,  are  used,  and  give  good  results,  since,  in  lighl  v;ork,  small  rivets  are,  or  ought  to  be,  used 
The  use  of  j-inch  steel  rivets  in  f-inch  and  even  ^Vinch  tnetki  U,  however,  not  uncommoii.  it  is  vei^ 
difficult  to  replace  loose  rivets  in  such  cases,  since  the  material  is  ap*:  to  split  before  the  rivet-ncuds  ytri'',  s^e9.<. 
Then  in  backing  the  rivet  out,  unless  the  holes  match  well,  the  mar.eri?i  will  be  badly  bent, 
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Material  lighter  than  f  inch  does  not  work  up  well  in  the  shop. 

In  marking  rivets  to  be  cut  out,  the  inspector  sliould  use  a  centre  punch  or  the  stamping  end  of  his 
hammer  with  which  to  cut  the  head  of  the  rivet,  which  should  then  be  painted  with  white  lead.  Some  mark 
should  also  be  made  on  the  material  near  the  rivet  so  that  he  may  be  able  to  find  and  test  the  new  rivets. 

In  facing  and  boring,  care  should  be  taken  that  the  ends  of  girders  are  planed  to  the  proper  length  and 
bevel,  and  that  the  pin-holes  are  of  the  proper  size  and  distance  apart  centre  to  centre.  These  are  all  subject 
to  careful  measurements,  which  should.be  taken  with  a  steel  tape  after  being  compared  with  Zne.  company's 
standard,  the  correction  for  every  ten  feet  being  determined. 

The  inspector  should  supervise  the  laying  out  of  the  sections  that  are  to  be  fitted  up  in  the  shop,  and 
see  that  everything  goes  together  so  that  no  unnecessary  work  has  to  be  done  in  the  field. 

When  he  receives  invoices  of  shipments  he  should  be  able  to  check  off  all  of  these  pieces  from  those 
marked  "Accepted  "  in  his  note-book. 

Such  a  rigid  record  of  the  work  as  outlined  above  requires  some  office  work  wliich  has  to  be  done  at 
odd  times  or  in  the  evening.  But  it  pays  for  itself  many  times  over  in  the  sense  of  absolute  security  which 
the  inspector  is  thereby  enabled  to  enjoy. 
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APPENDIX  C 

AMERICAN  METHODS  OF  BRIDGE  ERECTION.* 

Bridge  erection,  in  abroad  sense,  includes  the  assembling  in  place,  connection  and  adjustment  of  almost 
ail  framed  and  trussed  structures,  chiefly  bridges  and  roofs,  either  permanent  or  temporary,  primary  or 
auxiliary;  but  in  this  part  of  this  country,  and  as  the  most  developed  art,  it  refers  chiefly  to  large  structures 
composed  of  iron  or  steel  members,  with  which  we  may  properly  deal  from  the  time  they  leave  the  manufac- 
tory until  the  final  inspection  and  acceptance  by  the  purchaser's  engineer. 

The  subject  has  three  principal  divisions:  first.  Primary  Structures,  usually  permanent;  second. 
Auxiliary  Structures,  usually  temporary ;  third.  Working  Plant. 

Bridges  may  be  assumed  to  include  all  structures  designed  to  transmit  strains  of  flexure  to  relatively 
solid  seats,  and  thus  embrace  roofs,  girders,  highway  and  railroad  bridges,  viaducts,  aqueducts,  towers^ 
columns,  and  wind  and  crane  bracings  that  form  most  of  the  first  division.  Primary  struciures  may  be 
either  simple  or  compound;  a  simple  structure  practically  consisting  of  a  single  piece,  as  a  column  or  plate 
girder;  simple  structures  may  be  either  directly  placed  or  temporarily  supported. 

Compound  structures  may  be  very  elaborate,  like  the  complicated  trusses  of  a  long-span  railroad  bridge, 
and  are  essentially  structures  formed  by  assembling  several  members  or  parts  delivered  separately  at  ihe 
site.  Compound  structures  may  be,  during  erection,  naturally  self-supporting,  artificially  self-supporting,  or 
non-self-supporting.     Non -self-supporting  structures  may  be  erected  on  the  ground  or  on  falsework. 

Auxiliary  structures  are  chiefly  designed  solely  for  the  erection  of  permanent  constructions,  of  which 
they  may  serve  the  whole  or  portions;  they  may  be  fixed  or  movable.  Fixed  structures  include  trestling, 
towers,  piles,  framed  trusses,  and  suspended  platforms.  Movable  structures  include  shear-legs,  gin-poles, 
derricks,  rolling  towers  and  platforms,  and  boats. 

The  present  American  practice  is  notably  superior  to  the  foreign  in  the  completion  of  members  by 
power  tools  in  the  manufactories,  their  design  with  special  reference  to  rapidity  and  accuracy  of  field  assem- 
bling and  completion  of  joints,  and  for  the  liberal  use  of  special  engines  and  steam  and  hydraulic  power  in 
the  field  that  was  promoted  by  the  magnitude  and  economy  of  American  work. 

In  the  admirable  monograph  on  American  Bridges  presented  by  Theodore  Cooper  to  the  Am.  Soc. 
C.  E.,  the  devolopment  of  long  spans  and  consequently  of  heavy  members  and  difficult  erection  problems  is 
traced,  and  it  is  shown  that,  except  some  moderately  long  timber  spans,  no  great  and  heavy  trusses  existed 
until  recent  years,  so  that  their  erection  is  the  art  of  this  quarter  century  and  its  most  able  masters  are  of  the 
present  generation,  who  have  created  methods  and  appliances  at  least  as  fast  as  the  designing  engineers  and 
manufacturers  have  furnished  them  with  structures  of  increasing  proportions  to  handle. 

The  first  wooden  bridges  were  doubtless  built  on  continuous  timber  scaffolds,  each  moderate-sized  piece 
being  framed  on  the  spot  and  readily  placed  in  position  by  hand  tackle,  levers,  and  skids;  and  as  the  light 
highway  iron  work  of  twenty  or  thirty  years  ago  was  introduced,  old  methods  were  modified  to  suit.  When 
railroad  bridges  became  important,  the  erection  of  almost  every  structure  of  magnitude  was  a  problem 
requiring  special  solution,  and  new  methods  and  tools  have  been  constantly  devised,  modified,  and  perfected 
until  the  mechanical  and  constructive  skill,  ability,  and  facilities  now  acquired  are  probably  unparalleled  in 
the  world's  development  of  physical  undertakings  of  magnitude. 

The  erection  of  simple  structures  considers  chiefly  girders,  roof  trusses,  and  columns.  Girders  vai7 
from  the  dimensions  of  rolled  I  beams  to  those  of  solid  plate  girders  more  than  120  feet  long  and  weighing 
>ver  100.000  lbs.  each,  or  of  lattice  girders  of  150  feet  or  more  in  length,  the  girders  up  to  120  feet  long  having 
oeen  shipped  from  the  shops  in  single  rigid  pieces.  Such  long  and  heavy  pieces  must  be  loaded  skilfully  to 
ride  the  railroad  curves,  and  each  requires  from  three  to  five  flat-cars  for  its  transportation.  The  girder  is 
supported  at  each  end  on  a  transverse  beam  that  has  an  iron  bar  or  old  rail  on  top  on  which  the  girder  res^s. 
and  can  easily  slip  to  conform  to  the  chords  of  the  curves.  This  transverse  beam  is  supported  by  the 
centres  oi  two  or  more  longitudinal  ones  whose  ends  rest  on  transverse  beams  placed  on  the  car  floor  and 


*  Adapted  from  an  illustrated  leciuie  delivered  by  Mr.  Frank  W.  Skintier,  M.  Am.  Soc.  C.  E.  and  of  the  editorial 
staff  of  The  Engineering  Record,  b.f«>i(*  ihj  College  nf  Civil  Engineering  (»f  Cornell  University,  April,  1S93.  Mo-i 
of  the  cuts  were  taken  from  \\ic  Journal  of  the  Associution  of  Euirineerivg  Societies^  Mar.  18981  article  by  Mr.  Frank  V 

McKibb^Q,  Boston.     Plalcs  XLVUl,  XLIJ^,  4»U  L  ar<;  (rum  Th^  En^ineenng  Ketord  oi  ^uly,  18^8,, 
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thus  distributing  the  load  on  two  lines,  one  at  each  end  of  the  car.  or  else  rest  on  another  set  of  longitudinals 
that  are  set  on  four  transverse  beams,  one  of  which  would  thus  he  directly  over  each  axle  and  sustain  one 
eighth  of  th^  total  load,  half  of  which  is  carried  hy  each  end  car,  the  intermediate  ones  acting  only  as  spacers. 
See  Fig.  3.  Plate  XXXIX,  for  methods  of  shipment  and  the  01  her  figures  on  this  plate  for  methods  of  han- 
dling plate  girders.  Whenever  practicable,  they  are  not  unloaded  until  brought  across  the  openings 
they  are  intended  to  span  and  parallel  to  their  final  positions  from  which  they  do  not  vary  longitudinally  an'.' 
not  more  than  is  necessary  transversely.  They  are  then  usually  raised  a  litile  by  hydraulic  jacks  and  sup- 
ported by  timber  blocking  till  the  cars  are  run  out  from  beneath  them  and  then  jacked  down  and  skidded  tc 
their  seats,  or,  less  frequently,  are  lifted  from  gallows  frames  and  turned  if  necessary  and  lowered  by  tackle. 
These  gallows  frames,  one  at  each  end.  ordinarily  consist  of  single  bents  of,  say,  12x12  posts  and  single  or 
reinforced  caps  that  just  span  one  or  two  tracks  and  are  guyed  both  ways.  When  no  old  or  temporary  track 
exists  across  the  opening,  the  girders  have  been  unloaded  at  one  end  of  it  and  placed  in  the  required  posi- 
tion by  protrusion,  i.e.,  pushed  out  cantilever- wise  over  a  stationary  roller  on  the  abutment  until  the  forward 
end  reached  its  seat  on  the  opposite  side.  This  method  requires  either  a  pilot  extension,  a  rear  counter- 
weight, overhead  guys  or  intermediate  supporting  rollers;  after  it  is  half  way  across  a  pilot  extension  would 
generally  be  used  and  would  be  a  long  beam  lashed  firmly  to  the  girder  so  as  to  engage  a  roller  on  the 
Hirther  side  before  the  centre  of  gravity  of  the  girder  passed  the  first  abutment. 

A  remarkable  example  of  this  method  of  erection  is  that  of  the  Souleuvre  Viaduct  in  France  ;  its  spans, 
of  riveted  lattice-girder  type,  were  completely  assembled  about  1600  feet  from  one  abutment,  connected 
together  as  continuous  spans,  and  rolled  out  on  fixed  rollers;  the  spans  weighed  nearly  100,000  lbs.  each  and 
had  in  front  a  trussed  pilot  66  feet  long  that  weighed  40,000  lbs.  The  bridge  was  protended  by  the  revolu- 
tion of  the  fixed  rollers  at  each  pier.  These  rollers  were  turned  by  ratchets  operated  by  long  levers,  one  on 
each  side  of  the  span,  connected  by  a  cross-bar  over  the  top  of  the  bridge.  Men  walking  back  and  forth  on 
the  top  of  the  bridge  pushed  this  cross-bar  before  them  and  thus  turned  the  rollers,  but  considerable 
difficulty  was  experienced  in  securing  uniformity  of  action  between  different  gangs.  This  example  is  notable 
in  that  it  was  entirely  successful,  and  for  its  striking  difference  from  American  practice. 

Roof  trusses  up  to  about  100  feet  span  are  generally  lifted  and  set  in  place  as  one  complete  finished 
truss,  whether  with  rigid  or  flexible  joints.  If  with  riveted  joints,  they  have  been  shipped  from  the  shops  in 
one,  two,  three,  or  four  sections  each,  that  are  riveted  together  on  the  ground  at  the  site;  or,  it  pin-con- 
nected, they  are  assembled  there,  and  in  either  case  raised  and  set  by  a  gin-pole  or  derrick  that  moves  back- 
ward with  each  successive  truss. 

These  trusses  often  depend  largely  upon  the  roof  sheathing  boards  for  lateral  bracing,  without  which  they 
have  little  transverse  stiffness.  They  are  also  likely  to  be  set  on  slender  isolated  columns,  and  require 
special  care  in  guying  until  permanently  braced  after  being  released  from  the  derricks.  When  supported  on 
columns  the  trusses  may  be  assembled  between  them  exactly  parallel,  and  each  with  its  lower  chord  nearly 
in  the  vertical  plane  of  its  final  position,  but  if  supported  on  masonry  walls  they  must  be  assembled  with 
their  lower  chords  sufficiently  oblique  to  clear  and  be  adjusted  after  rising  above  the  tops  of  the  walls.  They 
may  also  be  assembled  on  the  same  platform  or  blocking  at  one  end  of  the  building  and  raised  there  without 
moving  the  derrick,  and  skidded  along  on  top  of  the  walls  to  their  respective  positions ;  but  this  method  will 
usually  be  more  difficult,  tedious,  and  hazardous  than  moving  the  derrick  to  raise  them  in  position.  This 
method  was  employed  at  one  of  the  mills  in  the  famous  Homstead  Plant,  and  either  one  end  of  a  certain 
truss  was  advanced  beyond  the  other,  or  tlse  the  flexibility  was  so  great  that  it  was  pulled  out  of  a  plane  and 
the  lower  chord  became  curved  horizontally  so  that  it  fell  off  and  tumbled  to  the  ground. 

Two  gin-poles  are  often  used  together  to  raise  a  roof  truss,  each  gripping  it  about  one  fourth  or  one  fifth 
of  its  length  from  the  centre,  and,  of  course,  always  above  its  centre  of  gravity.  The  writer  once  used  this 
method  of  erecting  a  rolling-mill  roof  of  over  140  feet  span  whose  very  light  trusses  had  slender  gas-pipe 
struts  and  deck-beam  top  chords,  and  were  about  limber  enough  to  be  considered  funicular  frames,  but 
were  handled  without  difficulty  by  the  renforcement  of  planks  judiciously  lashed  on. 

A  gin-pole  is  simply  a  timber  mast  with  four  guys  and  a  sheave  at  the  top  over  which  the  hoist  line  leads 
£o  a  crab  bolted  three  or  four  feet  from  the  bottom.  In  use  it  should  always  be  inclined  a  little  from  the 
vertical  so  that  it  overhangs  its  burden  and  gives  a  positive  strain  on  the  back  guys  and  on  them  only,  the 
front  guys  coming  into  service  when  the  pole  is  moved.  By  taking  up  or  slacking  the  guys  the  truss  may  be 
very  quickly  swung  backwards,  forwards,  or  transversely  and  adjusted  to  position,  and  for  heavy  work  3 
tackle  is  advantageously  used  to  operate  at  least  the  back  guys.   Sec  Fig.  i.  Plate  XXXIX. 

The  foot  of  a  gin-pole  is  generally  supported  by  and  shifted  upon  a  plank  or  timber  along  which  it  is 
pinched  with  bars  or  pushed  upon  rollers.  Gin-poles  are  ordinarily  from  40  to  60  feet  long  and  up  to  16 
inches  square  at  the  butt.  In  erecting  a  lofty  dome  recently  Horace  E.  Honon.  of  the  Chicago  Bridge 
Works,  used  a  trussed  gin-pole  \%o  feet  long.    Qin-poles  are  often  rigged  with  J-i"Ch  wire  guys  and  i^-inch 
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manflla  line  that  would,  according  to  the  load,  be  operated  directly  by  the  crab  or  be  rove  over  a  fixed  and 
loose  single  block  or  a  iwo-three  pair  of  blocks.    See  Fig.  i,  Plate  XL.     This  gin-pole  is  146  ft.  high. 

An  A  derrick  is  two  inclined  masts  braced  together  and  united  at  the  top;  needs  but  one  guy  and  is 
very  often  preferable  to  a  g:n-pole. 

A  gin-pole  must  always  be  carefully  handled  and  may  be  easily  raised  or  lowered  by  a  boom  or  an  A 
derrick  that  is  likely  to  be  found  at  any  large  building,  provided  the  height  of  the  pole  is  not  more  than 
twice  '^hat  of  the  derrick,  which  can  then  pick  it  up  just  above  its  centre  of  gravity,  and  swing  it  into  its 
vertical  position.  If  the  gin>pole  is  only  a  little  too  long  for  this  it  can  still  be  handled,  us  by  counterweighing 
the  butt.  A  short  pole  can  be  laised  by  fastening  the  foot  and  blocking  the  other  up  beyond  the  centre  of 
gravity  until  the  angle  is  great  enough  to  enable  it  to  be  revolved  by  a  rope  leading  to  the  ground,  but  much 
tne  easiest  and  best  way  is  to  provide  a  secure  resistance  for  the  foot,  making  a  virtual  hinge  there,  and 
hoist  it  from  the  ground  by  a  line  led  over  the  top  of  a  shears,  which  need  only  be  any  convenient  pair  of 
timbers  lashed  together  aj  the  top.  When  the  pole  rises  high  enough  to  carry  the  rope  of!  from  the  shears 
they  will  be  no  longer  needed,  and  if  the  hoisting  crab  has  been  properly  set  it  will  continuously  pull  the 
pole  up  to  its  vertical  position.  The  foot  of  the  pole  must  be  carefully  watched,  and  reliable  men  stationed 
at  the  guys  which  aljirays,  whether  moving  or  raising  the  pole,  should  be  kept  free  from  slack. 

When  the  spai;  is  very  great,  or  when  the  ground  underneath  must  be  preserved  free  from  obstruction, 
the  roof  trusses  are  either  assembled  and  erected  from  a  strident  traveller,  or  a  tower,  or  upon  a  movable 
platform  whose  surface  conforms  to  its  lower  chord  or  intrados,  is  as  long  as  the  span,  and  usually  is  a  little 
wider  than  the  distance  from  out  to  out  of  the  two  most  distant  adjacent  trusses,  so  that  each  pair  may  be 
simultaneously  erected  in  position,  braced  t(^ther,  and  left  in  stability  while  it  moves  forward  two  panels' 
lengths  to  tne  next  pair. 

Lofty  viaducts  have  been  erected  with  the  utmost  simplicity  by  booms  carried  on  the  structure  itself  as 
its  towers  were  built  up  section  by  section  from  the  ground. 

The  famous  Kinzua  viaduct,  over  300  feet  high,  was  erected  in  this  manner  several  years  ago,  but  the 
method  is  evidently  best  adapted  to  locations  where  the  iron  work  is  most  readily  delivered  in  the  bottom 
of  the  chasm,  which  is  not  usually  the  case,  and  probably  would  not  now  be  used  except  for  very  short  stnic- 
.ures  or  where  the  spans  between  towers  were  extremely  long,  the  material  being  chiefly  handled  from  over 
:2ead  in  the  present  practice. 

By  far  the  most  usual  and  generally  economical  way  of  erecting  viaducts,  including  metropolitan 
elevated-railroad  structures,  is  by  means  of  an  overhanging  derrick  that  moves  on  top  of  the  completed 
portion  and  reaches  far  enough  beyond  it  to  set  all  members  in  the  next  one  or  two  panels  in  advance  of  it? 
own  support,  setting  and  maintaining  each  piece  until  it  is  braced  and  self-supporting;  the  connections 
usually  being  quickly  and  temporarily  bolted  up  to  enable  the  derrick  to  move  forward  to  the  new  panel 
and  commence  erecting  the  next  one  before  the  main  joints  are  drifted  and  riveted  and  secondary  connec- 
foJ^s  completed.  These  derricks  are  called  "  Erecting  Travellers,"  and  comprise  essentially  a  base  moving 
jn  the  finished  work,  and  carrying  the  hoisting  engine,  coal,  etc.,  that  partly  counterbalance  the  overhsing 
and  its  burden.  A  reach  of  60  feet  usually  suffices  for  elevated  railroads  whose  travellers  may  consist  simply 
of  long,  single  beams,  mounted  on  central  wheels  and  set  with  the  front  end  slightly  elevated  and  the  rear  or 
^railing  end  lashed  or  otherwise  secured  to  the  longitudinal  girders  as  was  done  on  some  of  the  earlier  Brook- 
lyn work.  Generally,  however,  a  braced  platform,  of  the  full  width  of  the  structure,  carries  a  vertical  head 
frame  in  which  are  set  masts  ot  two  or  three  boom  derricks,  whose  booms  are  usually  trussed  and  swing 
nearly  around  a  semi-circle  so  as  to  be  able  to  pick  up  the  iron  from  the  side  of  the  street  and  swing  it  into 
position.  Often  these  booms  are  arranged  so  that  the  two  side  ones  can  set  and  hold  the  columns  of  the 
next  panel  while  the  longer  centre  boom  puts  the  transverse  girder  in  position  upon  them  and  after  it  is 
connected  to  them  maintains  the  whole  bent  until  the  released  side  booms  set  the  longitudinal  girders  and 
make  the  whole  panel  stable. 

Railroad  viaducts  are  generally  considered  to  be  most  economically  proportioned  when  the  towers  are 
30  feet  wide  and  60  feet  apart,  and  many  have  been  built  approximately  to  these  dimensions,  thus  requirinj^ 
an  overhang  to  support  a  transverse  beam  or  pair  of  column  sections  at  a  distance  of  90  feet,  a  short  longi 
tudinal  girder  at  75  feet,  and  a  long  one  at  30  feet.  These  travellers  always  consist  of  two  parallel  trusses, 
usually  combination,  always  firmly  braced  together  horizontally  and  anchored  to  the  structure  when  ii. 
service.  Sometimes  the  overhangs  are  single  heavy  beams  with  iron  guys  from  the  end  and  mtermediaie 
]x>ints  to  the  top  of  a  mast  placed  over  the  end  of  the  supported  part,  and  guyed  back  to  the  rear  of  the  plat 
form.  But  they  are  more  often  square  Howe  or  Pratt  trusses  not  unlike  bridge  spans,  overhanging  about 
half  their  length,  and  having  cross-beams  and  eye-bolts  in  the  lower  chords  from  which  to  suspend  the 
tackles  required  to  lift  and  support  the  pieces  in  the  different  positions.     See  Fig.  2,  Plate  XL. 

Viaduct  travellers  are  designed  according  to  special  conditions  so  as  to  receive  the  members  fcrerectio'j 
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directly  underneath  the  overhang,  or  from  cars  that  run  on  its  own  track  level  and  come  from  behind  up  to 
or  underneath  the  main  platform  and  deliver  to  trolleys  that  carry  the  hoisting  tackle  out  on  the  overhang, 
or  to  booms  that  swing  it  around,  or  to  falls  that  slack  it  off  to  position.  In  building  the  St.  Paul  High 
Bridge  across  the  Mississippi  River,  Horace  E.  Horton  erected  the  long  and  lofty  viaduct  by  a  huge  trav- 
elling tower  that  was  150  feet  high  by  68  feet  square,  and  straddled  the  125  feet  high  trestle  bents,  with  a 
clear  spring  of  more  than  135  feet  high.  It  was  built  chiefly  of  5"  x  10"  and  smaller  sizes  of  timber 
with  iron  main  tension  diagonals ;  ran  on  eight  double-flanged  wheels,  and  was  probably  the  largest  an', 
tallest  traveller  ever  constructed. 

As  crane  bracing  and  horizontal  trusses  must  be  permanently  supported  by  columns,  walls  or  vertical 
trusses,  the  supports  greatly  facilitate  their  convenient  erection,  which  is  almost  invariably  accomplished  by 
simple  tackle  directly  supported  and  by  stationary  crabs  or  engines. 

The  only  primary  structures  remaining  to  be  considered  are  Long  Span  Bridges,  i.e.,  say  above  150  feet 
long.  They  may  have  either  pin  or  riveted  connections,  or  be  suspension  bridges  or  arches.  Most  of  them 
in  this  country  are  the  former,  although  there  is  a  growing  tendency  to  design  arches  for  locations  where  the 
geological  formation  affords  good  seats  that  in  receiving  the  thrust  save  the  metal  required  for  a  tension 
chord. 

Cantilevers  and  suspension  bridges  are  the  only  types  that  are  self-supporting  during  erection.  The 
former  may  include  draw  bridges  when  they  are  erected  symmetrically  with  the  panels  simultaneously  added 
each  side  of  the  centre  so  as  to  balance  each  other  upon  the  pivot  pier,  but  they  are  generally  erected  upon 
the  fender  piling  in  the  axis  of  the  river  each  side  of  the  pier. 

In  cantilevers  the  anchor  arm  is  first  built  on  falsework  and  counterweighted  so  as  to  enable  the 
channel  arm  to  be  built  as  an  overhang,  its  members  being  self-sustaining  as  soon  as  each  panel  is  con^- 
nected.     See  Plate  XL VI. 

American  cantilevers  are  almost  invariably  connected  by  a  suspended  centre  span  of  from  ^  to  |  of  the 
total  opening,  and  this  is  usually  erected  as  an  extension  of  the  cantilever  arms  from  each  side,  special  tem* 
porary  or  permanent  stock  being  provided  in  the  truss  members  if  necessary  to  meet  the  erection  strains, 
which  are  usually  allowed  a  high  iinit  value. 

Wire  Suspension  Bridges  are  commonly  erected  from  their  own  cables,  which,  when  twisted  rope  is 
used,  are  drawn  across  the  river  in  strands  and  then  lifted  to  the  tops  of  the  towers. 

The  large  cables  are  merely  bundles  of  parallel  straight  wires  that  are  carried  across  singly  by  special 
machines,  looped  over  the  end  pins,  and  spliced  at  the  end  of  each  coil  so  as  to  form  one  practically  contin- 
uous filament,  the  different  individual  catenaries  of  which  must  be  carefully  adjusted  and  secured  to  uniform 
tension  and  then  compacted  and  encased.  After  the  cables  are  comple^gd  the  members  of  the  floor  and 
stiffening  trusses  and  working  derricks  and  platforms  are  supported  readily  from  them. 

Arches  are  generally  assembled  on  falsework,  but  may  be  sustained  without  it  by  commencing  at  the 
skew-backs  and  supporting  each  section  by  overhead  guys,  as  was  notably  done  in  Eads's  St.  Louis  Bridge. 
Such  a  method,  or  that  of  temporary  reinforcements  to  enable  an  ordinary  truss  to  be  erected  cantilever- wise, 
may  be  termed  artificial  self-support.  See  Plates  XLIV  and  XLV,  and  Fig.  i,  Plate  XLII. 

Tubular  Bridges  are  happily  obsolete  in  this  country,  the  only  important  one  in  America  being  the 
Victoria  Bridge  across  the  St.  Lawrence  at  Montreal.  It  has  many  long  spans,  over  deep  and  rapid  water, 
the  bottom  is  too  rocky  for  pile  driving,  and  the  writer  has  been  informed  that  the  superstructure  was  built 
in  situ  in  the  winter,  upon  falsework  erected  on  the  ice  which  forms  and  packs  and  freezes  there  to  remark- 
able thicknesses  so  that  higher  up  on  the  river  it  is  not  uncommon  to  run  ordinary  locomotives  across  on  it. 
Stevenson's  other  g^eat  tubular  bridges  at  Conway  and  the  Straits  of  Menai,  England,  were  built  at  the 
water's  edge,  floated  complete  to  the  unfinished  pier,  and  raised  many  feet  to  final  position  by  hydraulic 
jacks,  their  masonry  seats  being  continually  built  up  close  under  them  as  they  rose. 

Sometimes  ordinary  fixed  spans  are  erected  as  cantilevers  by  the  use  of  temporary  anchorages,  as  shown 
ill  Figs.  2  and  4,  Plate  XLV.  and  Fig.  i,  Plate  XLIX.   In  thislast  the  stone  towers  were  already  on  the  ground. 

With  the  above  exceptions,  long-span  arches  and  trusses  are  supported  on  falsework  substructures  until 
self-sustaining. 

Fixed  Falsework. 

This  may  consist  of  a  simple  temporary  suspension  bridge  with  a  more  or  less  stiffened  floor  for  com- 
paratively  light  work  or  where  the  height  or  cost  of  falsework  would  be  prohibitory,  or  where  it  could  not 
be  safely  maintained.  Excellent  examples  are  afforded  by  the  South  American  work  of  L.  L.  Buck,  who 
erected  some  of  the  first  railroad  bridges  in  the  Andes  mountains,  with  the  simplest  equipment  and  unskilled 
labor;  the  structures  spanned  deep  chasms  traversed  by  mountain  torrents  that  were  liable  to  sudden  floods 
that  would  destroy  trestle  falsework,  and  the  trusses  could  not  be  erected  canti/ever-wise.  A  suspension 
bridge  was  therefore  made  across  the  river,  and  on  its  floor  the  trusses  were  erected  by  alight  special  derrick 
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that  oommenoed  at  the  centre  and  erected  to  one  end  b)r  balaiiced  weitiaiigsthac  were  lowered  to  idlcm  it  to 
r^taxm  inside  the  erected  stmcture  to  the  centre  and  thence  erect  the  remainder  of  the  trass. 

In  an  adjacent  viaduct  crossing,  a  cable  was  stretched  from  side  to  side,  and  upon  it  a  tvoOqr 
travelled  by  gravity,  receiving  the  iron  members  on  top  of  the  bank  and  lowering  them  as  it  carried 
out  to  position  so  that  the  resultant  motion  carried  them  in  a  nearly  straight  line  to  their  required  i*v*a»ir>f»y 
in  the  towers.    See  a  similar  use  of  cables  in  Fig.  i,  Plate  XLII. 

Reverse  conditions  existed  at  the  Elkhom  viaduct  erected  recently  by  Coffrode  ft  Evans,  Philadelphia. 
The  timbers  for  a  600-foot  permanent  viaduct  140  feet  high  were  delivered,  framed  and  connected  up  in  sec- 
t.ions  of  trestle  bents,  at  the  centre  of  the  bottom  of  the  chasm  where  a  stationary  hoisting  engine  raised 
'jhem,  traversed  them  along  the  line  of  the  structure,  and  set  them  in  position  by  means  of  a  trolley  travelling 
on  a  suspension  cable  and  operated  by  hoist  and  traverse  lines  leading  from  it  to  snatch-blocks  at  the  foot 
of  the  opposite  towers. 

Trussed-span  falsework  has  been  used  chiefly  where  there  was  great  danger  from  floods*  drift  or  scour, 
or  where  it  was  imperative  to  offer  the  least  obstruction  to  navigation. 

Howe  trusses  or  combination  trusses  have  generally  been  used ;  and  can  be  quickly  erected  on  trestles 
to  seat  on  the  bridge  piers  and  become  self-sustaining,  and  permit  the  removal  of  the  trestles  and  allow 
plenty  of  time  for  the  removal  of  old  and  assembling  of  new  structures. 

The  long  spans  of  one  of  the  first  Missouri  River  bridges  were  erected  on  one  temporary  Howe  truss 
deck  span  that  was  assembled  on  trestle  work  of  the  required  height,  then  transferred  to  two  wooden  towers 
built  on  the  decks  of  pontoons  which  were  floated  with  their  burden  to  position  between  the  piers ;  water 
was  then  admitted  to  the  pontoons  and  they  sunk  sufficiently  to  deposit  the  span  on  the  piers  and  clear  it 
and  be  removed,  leaving  a  platform  safe  from  floods,  for  the  assembling  and  connecting  at  leisure  of  the 
permanent  span.  After  it  was  swung  the  pontoons  and  towers  were  brought  back  underneath,  pumped  out 
till  their  buoyancy  lifted  the  Howe  span,  which  was  then  transferred  to  the  next  opening  and  seated  as 
before,  for  the  erection  of  another  span,  and  so  on.    See  Plates  XLII  and  XLIil  for  similar  method. 

This  erection  was  notable  for  the  length  of  the  wooden  span,  the  height  of  the  towers,  the  swiftness  oi 
the  current,  and  the  success  and  economy  of  the  operation. 

Several  years  after  this  erection  was  that  of  the  bridge  of  the  Canada  Atlantic  Railroad  across  the  St. 
Lawrence  River  at  the  head  of  the  Coteau  rapids,  with  a  35 5-ft.,  swing  span  and  one  139-ft.,  two  175-ft., 
four  223-ft.,  and  ten  217-ft.  fixed  spans.  The  water  was  from  20  to  30  feet  deep,  with  a  current  of  5  to  7 
miles  an  hour,  making  it  impossible  to  erect  falsework  on  the  rocky  bottom,  and  yery  difficult  to  build  the 
masonry  piers,  which  were  constructed  in  bottomless  wooden  caissons  that  were  floated  into  position,  loaded 
and  sunk  with  inside  canvas  bottom  flaps  on  which  the  concrete  was  laid. 

Three  miles  above  the  site,  in  a  sheltered  bay,  falsework  was  built  parallel  to  the  shore,  and  at  its  ends 
transverse  tracks  were  built  out  to  deeper  water.  Between  these  tracks  and  parallel  to  the  falsework  were 
moored  a  pair  of  timber  pontoons  each  90  x  26  x  6  feet  deep,  and  braced  together  70  feet  apart.  On  the 
deck  of  each  pontoon  a  trestle  a  little  higher  than  the  bridge  piers  was  built.  The  permanent  spans  were 
assembled  and  connected  complete  on  the  falsework,  skidded  down  the  transverse  tracks  above  the  towers, 
which  rose  and  lifted  them  free  when  the  water  was  pumped  out  of  the  pontoons,  and  supporting  them  at 
two  panels' distance  from  each  end  were  slacked  off  down  the  river  and  sunk  between  piers  enough  to  deposit 
the  span  on  its  seats,  after  which  they  returned  for  another  span,  and  so  on. 

In  the  erection  of  the  Harvard  Bridge  at  Boston,  the  long  plate-girder  spans  were  built  on  shore,  lifted 
by  a  traveller  that  overreached  their  ends  and  at  high  tide  carried  out  by  it,  deposited  on  a  special  pontoon 
that  was  towed  to  position,  and  with  the  falling  tide  deposited  the  girders  on  their  pier  seats. 

The  Brunot's  Island  Bridge  near  Pittsburgh,  and  the  Hawkesbury  Bridge  in  Australia  erected  by 
C.  L.  Strobe]  and  Charles  McDonald,  are  notable  illustrations  of  moving  very  large  spans  at  a  great  height 
upon  pontoons. 

Trestles. — These  are  essentially  sets  of  columns  in  vertical  planes  transverse  to  the  axis  of  the 
structure ;  they  are  in  rows  or  bents  of  four  or  more  with  transverse  and  longitudinal  bracing,  the  latter 
either  continuous  or  connecting  alternate  pairs  so  as  to  form  towers.  When  the  height  is  considerable  the 
trestles  are  built  in  stories  so  as  to  give  convenient  sections.  The  simplest  framed  trestling  has  bents  each 
composed  of  two  plumb  posts  and  two  batter  posts,  a  cap,  a  sill,  and  two  diagonal  braces,  and  the  bents  are 
braced  longitudinally  by  a  horizontal  ledger  piece  at  the  top  and  a  diagonal  from  the  top  of  one  to  the  foot 
of  the  next,  on  each  side.  Usually  the  caps  are  connected  by  two  or  more  lines  of  stringers  which  should 
rest  directly  above  the  adjacent  tops  of  the  plumb  and  batter  posts,  the  latter  having  a  run  of  i  in  12  to  i  in 
4  horizontal  to  vertical  according  to  circumstances.  The  dimensions  of  the  timber  should  be  proportioned 
to  the  load  carefully  in  high  or  exposed  structures  or  for  very  heavy  burdens,  but  mUst  never  be  made  very 
light,  for  the  connections  never  develop  all  the  efficiency  of  the  sections,  and  weight  and  stiffness  are  gener- 
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Fig.  1. — Ohio  Cohnectinc  Rah. 
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ally  more  important  than  direct  theoretical  strength,  so  that  careful  judgment  and  experience  are  much 
more  reliable  and  necessary  than  elaborate  calculation  of  strains. 

For  ordinary  simple  trestles  lo  x  lo  and  12x12  posts  and  caps,  3  x  10  or  3  x  12  braces,  and  8  x  10 
stringers  are  much  used,  and  for  lofty  and  elaborate  structures  the  variation  is  more  in  the  number  ana 
arrangement  of  pieces  than  in  their  sections,  though  some  6x6  and  8x8  are  used  for  secondary  braces 
and  larger  ones  for  important  members  if  obtainable.  But  the  few  sizes  mentioned  with  2-inch  platform 
plank  and  plenty  of  }  and  {  bolts,  large  washers,  wood  screws,  and  steel  spikes  comprise  most  of  the  bill  or 
materials,  except  occasionally  screw-ended  iron  tension  rods  with  cast  angle  blocks.  Mortise  and  tenon 
/'oints  are  seldom  used  ;  sometimes  a  batter  post  is  toed  in,  but  most  joints  are  butted  and  covered  with  a 
splice  or  *'  batten  "  piece  each  side ;  usually  a  2-  or  3- inch  plank  as  wide  as  the  timber,  and  from  4  to  6  feet 
long,  secured  with  four  or  more  bolts. 

Sometimes  double  caps  are  used,  one  piece  on  each  side  of  the  posts,  but  usually  single  pieces  of  the 
same  thickness  as  the  posts  are  put  in  their  vertical  plane,  and  between  the  tops  of  the  lower  and  the 
bottoms  of  the  upper  sections,  and  all  are  bound  together  by  batten  pieces  across  the  caps. 

Trestle  bents  may  be  from  5  to  20  feet  apart  and  of  anj  height  from  4  to  150  feet.  Smaller  heights  are 
blocked  up  solid,  and  greater  ones  are  usually  avoided  or  otherwise  provided  for.  Stories  do  not  ordinarily 
exceed  20  feet  in  height.  Ledger  pieces  and  diagonals  are  sometimes  spiked  on,  especially  to  promote 
rapidity  of  erection,  but  the  latter  at  least  should  generaly  be  bolted  eventually. 

When  framed  trestles  are  to  be  set  with  sills  on  a  river  bottom,  careful  soundings  must  first  be  taken 
preferably  with  a  pole,  and  a  profile  made  to  determine  the  heights  of  the  posts.  The  bents  are  laid  out  with 
uniform  tops  and  bottom  widths  varying  to  suit  the  different  heights  and  bottoms.  They  are  bolted  together 
on  shore,  floated  to  position,  swung  up  and  set  vertically  from  a  derrick  or  pile  driver  boom  or  from  the  cap 
of  the  last  bent  if  it  is  high  enough,  and  stayed  by  ledgers,  braces,  or  stringers. 

If  the  water  is  deep,  the  lower  end  of  the  longitudinal  diagonal  brace  is  bolted  to  the  foot  of  the  batter 
post  before  the  bent  is  set,  so  as  to  easily  bring  it  eventually  at  the  desired  position  under  water. 

Sometimes  the  bottom  is  explored  ahead,  or  the  bents  raised  from  a  "  balance  beam,"  which  is  simply  a 
long  heavy  timber  projecting  half  its  length  beyond  the  last  trestle  set,  upon  whose  cap  its  middle  is  su{>- 
ported,  ^hile  its  rear  end  is  under  the  cap  of  the  preceding  bent. 

Ordinarily  the  "  mud  sill  **  is  a  sufficient  footing  when  framed  trestles  are  admissible,  but  sometimes 
special  provisions  are  requisite  on  account  of  severe  burdens  or  very  soft  bottom.  In  trestling  over  a  very 
soft  mud  John  Devin  secured  very  cheap  and  efficient  footings  by  spiking  old  railroad  ties  transversely  to 
the  bottom  of  the  sills  of  his  trestles,  and  thus  constructing  what  was  substantially  a  grillage  under  each 
bent. 

Pile  Trestles. — Wherever  piles  can  penetrate  they  form  the  best  foundations  for  falsework.      They 
are  driven  to  a  moderate  refusal  and  loaded  much  more  heavily  than  in  permanent  structures.    They  are 
used  in  single  lengths  up  to  about  60  feet,  beyond  which  they  must  usually  be  spliced,  the  joint  being  gener- 
ally a  square  butt  with  comparatively  narrow  batten  splice  pieces  bolted  or  spiked  on  all  around  it.     At  the 
-4^oughkeepsie  Bridge  piles  were  thus  driven  120  feet  through  the  mud  and  water. 

Piles  are  driven  either  by  a  floating  driver  or  by  one  running  along  on  top  of  the  completed  bents. 
The  batten  posts  are  driven  by  inclining  the  ram  guides  to  correspond  to  the  required  inclination. 

If  the  top  of  the  trestle  is  within  10  or  15  feet  of  the  surface  of  the  water  the  piles  are  usually  sawed  off 
and  capped  just  below  that  height,  but  if  the  elevation  is  much  greater  they  are  usually  capped  near  the 
water  level,  and  one  or  more  stories  of  framed  trestle  built  upon  them. 

Sometimes,  to  prevent  brooming,  piles  are  driven  with  a  temporary  iron  ring  or  ferrule  on  top;  some- 
times they  have  iron  points  o^  cast  shoes  at  the  bottom. 

Great  judgment  is  required  in  driving  piles,  which  should  be  controlled  far  more  by  skilled  experience 
than  by  theoretical  considerations;  sometimes,  when  the  penetration  is  excessive,  if  they  are  allowed  to  rest 
a  few  hours  they  will  resist  heavier  blows  of  the  ram  than  previously  drove  them,  and  be  amply  safe  for 
severe  static  loads.  At  other  times  the  pile  will  refuse  to  penetrate  and  will  bound  out  at  every  blow,  but 
will  sink  steadily  if  loaded  with  a  dead  weight  and  tapped  or  twisted. 

Some  remarkable  and  apparently  extravagant  pile  work  was  done  at  the  Gour-Noir  Railroad  viaduct 
over  the  La  Vezere  River,  France,  where  the  213-ft.  main  stone  arch  span  26  feet  wide  between  parapets  and 
5'  7"  thick  at  the  crown,  was  built  on  centring  carried  by  seven  continuous  wooden  trusses  14'  6"  deep  that 
each  rested  on  sand  boxes  on  the  tops  of  oak  piles  12  inches  or  more  in  diameter  ;  their  bottom  ends  cut 
square  and  shod  with  plate  iron.  The  river  is  subject  to  floods  and  has  a  granite  bed  into  which  holes  3  feet 
deep  were  drilled  and  the  piles  wedged  and  cemented  in  them.  Quartz  veins  were  encountered  in  which 
only  one  tenth  of  an  inch  per  hour  could  be  drilled  until  cofferdams  were  built.  The  cost  of  setting  j?6 
piles  was  about  $6800. 
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Tfmber  dimensions  for  Eastern  trestling  seldom  exceed  12  and  16  or  at  the  utmost  dolnch^bat  k 
rece*»>  ^tter  from  a  bridge  man  on  the  Pacific  coast  says  his  regular  bills  call  for  sizes  like  11"  x  30"  x  42', 
20"  >*■  -yy'  X  6^,  and  f  X  18"  x  64,  while  he  saw  some  logs  being  sawed  into  timber  48"  x  48''  x  50^  and 
20"  X  20"  X  100'. 

Sometimes,  to  afford  passageway  for  navigation,  a  few  bents  will  be  omitted  at  the  bottom  of  a  line  of 
falsework,  and  the  opening  will  6e  bridged  by  a  high  temporary  span  to  carry  the  continuous  top  bents. 
Such  an  opening  may  be  as  much  as  75  feet  wide  at  the  bottom  and  narrowed  at  the  top  by  inclined  posts 
10  as  to  oermit  a  sort  of  queen-post  span  of  comparatively  short  pieces  or  the  use  of  stringers  borrowed  fron: 
the  permanent  structure  to  close  the  opening  at  the  top. 

In  the  early  days  of  iron  bridge  building,  it  was  frequently  customary  to  build  *'  two-story  falseworic," 
Ve.,  to  provide  two  complete  platforms  the  whole  length  of  the  bridge,  to  support  top  and  bottom  chords 
tirouehout;  but  now  it  is  almost  universal  to  support  only  the  bottom  chord  directly,  and  to  make  the  rest 
tA  the  truss  self-supporting  when  assembled  upon  it,  stability  being  of  course  assured  as  soon  as  any  two 
opposite  panels  of  the  two  trusses  are  assembled  and  connected  transversely  to  each  other. 

Wooden  derricks  or  towers  usually  traverse  the  falsework  to  lift  and  place  various  members,  or  are 
fitted^  to  follow  out  at  the  extremity  of  a  cantilever  arm  and  overhang  it  so  as  to  assemble  and  connect  the 
successive  panels  upon  which  it  continually  advances.  These  structures  are  called  travellers  and  properly 
belong  to  the 

Working  Plant, 

and  form  the  most  important  item  of  erection  equipment.  A  traveller  in  fts  simplest  form  consists  of  one 
transverse  bent  double  guyed  or  two  bents  braced  together  longitudinally  to  form  a  tower*  each  bent  con* 
sisting  of  a  post  each  side  and  a  cap  and  knee-braces  at  the  top.  Commonly,  however,  there  are  three  or  four 
bents  on  large  work,  leaving  at  each  side  a  vertical  post  and  a  batter  post  brac6d  t<^ether,  the  latter  flaring 
out  at  the  top  and  their  feet  united  on  a  heavy  double  longitudinal  stringer,  underneath  which  are  three  or 
more  double-flanged  wheels  that  run  on  special  tracks  laid  on  the  ends  of  the  trestle  caps ;  the  caps  of  the 
traveller  bents  are  developed  into  Howe  or  Warren  girder  trusses,  and  usually  carry  longitudinal  straining 
beams  from  which  the  hoisting  tackle  is  hung.  The  bents  are  braced  together  with  iron  or  wooden  diagonals, 
and  the  structure  carries  working  platforms  and  hoisting-engine  and  perhaps  other  machinery,  besides  some- 
t*mes  tracks  for  material  cars.  Generally  the  traveller  goes  astride  the  completed  structure  and  clears  every 
portion  of  it,  and  is  so  required  to  have  a  large  free  opening  from  end  to  end  with  no  transverse  connection 
between  the  bottoms  of  the  posts;  but  it  sometimes  is  designed  to  go  inside  the  trusses,  or  backwards  in 
advance  of  them  from  a  starting  point,  or  upon  the  top  chords,  in  which  cases  it  may  have  bottom  and 
interior  cross  and  diagonal  bracing.  See  Fig.  3,  PI.  XL,  for  an  interior,  and  PI.  XLI  for  an  exterior,  traveller. 

Traveller  Bents,  as  at  Poughkeepsie,  Wheeling,  Memphis,  etc.,  have  been  made  more  than  100  feet  high, 
assembled  and  connected  in  a  horizontal  plane  and  the  first  one  erected  by  simply  lashing  down  the  heel 
and  revolving  it  into  a  vertical  plane  by  two  or  three  carefully  adjusted  lines  on  each  side,  attached  at 
different  points,  and  leading  over  shear  poles  to  the  hoisting  engine.  Of  course  the  lofty  timber  frame  was 
securely  held  by  guys  front  and  back  that  were  kept  constantly  taut.  After  the  first  bent  is  erected  the 
second  one  is  easily  hoisted  from  it,  both  are  braced  together,  and  the  structure  immediately  becomes  stable 
and  rigid.     See  PI.  XLVllI  and  Fig.  2.  PI.  XLIX,  for  an  adjustable  steel  traveller.* 

In  erecting  an  ordinary  simple  truss  span  the  members  of  the  floor  system  and  lower  chords  are  distrib- 
uted on  the  falsework  in  position  before  the  traveller  lifts  and  assembles  the  other  members,  commencing 
either  at  one  end  and  going  straight  across  or  b^inning  at  the  centre  and  working  to  one  end  and  then 
rettsming  and  working  out  to  the  other  end. 

The  trusses  are  carefully  placed  in  alignment  and  vertical  plane,  but  are  blocked  up  at  the  joints,  where 
fiiey  rest  on  wedges,  to  a  much  greater  camber  curve  than  exists  in  the  completed  structure,  so  as  to  allow 
the  adjustments  for  the  final  connections  being  made  by  driving  out  the  wedges. 

In  suspended  spans  between  cantilevers,  the  end  piers  rest  in  expansion  slots  in  the  cantilever  arms* 
thus  permitting  longitudinal  motion  that  would  allow  the  portions  of  the  centre  trusses  to  hang  down  and 
make  the  final  connection  impossible  unless  special  provision  is  made  for  adjusting  their  length  and  control- 
Ing  their  position  and  inclination.  This  usually  consists  of.  at  each  of  the  eight  slots,  a  fixed  and  movable 
/oiler  separated  by  a  wedge  which  is  commanded  by  a  powerful  screw  so  that  by  entering  or  withdrawmg 
one  or  both  of  its  'wedges  the  extremity  of  any  truss  segment  may  be  raised,  lowered,  protraded,  or 
withdrawn.    See  Fig.  2,  PI.  XLVII,  for  the  toggle  joint  used  for  closing  the  Niagara  Arch,  shown  in  Fig.  1. 

Usually  they  are  set  in  the  beginning  so  as  to  allow  for  the  deflection  of  dead  load  and  traveller,  and 
still  be  inclined  above  the  required  cambered  position,  so  that  the  adjustment  requires  only  the  slacking  otf 
of  the  wedges. 

»  Described  in  The  Engineering  /Record,  Vol.  XXXVIII,  p.  x8a 
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Fic.  I.— The  Kentuckv  River  Brti-gr.     The  First  Can- 


I.— View  of  Adjiisiable  Steel  Tkavei.le 


Fig.  I.— Erkction  of  thk  Neivi'okt  and  Cincinnati  Bkidge. 


Fig.  a.— 198.F00T  Span  hiih  Falskwokk  Truss,  Newport  and  Cincinnati   Bkidge. 


Flo.  3.— Channel  Span  with  Fauework.  Newport  and  Cikunnati  Bridt^b. 


AMERICAN  METHODS  OF  BRIDGE  ERECTION.  549 

Before  this  device  was  well  known  the  speaker  was  required  to  provide  erection  adjustment  for  tba 
second  large  cantilever  bridge  ever  built  in  this  country,  at  St.  Johns,  N.  B.,  and  designed  simple  stirruD 
irons  or  U  bolts  that  engaged  the  movable  top  chord  pins  and  had  screw  ends  passing  through  fixed  bearing 
plates  against  which  their  nuts  rested.  This  afforded  a  tension  adjustment  for  drawing  or  letting  cut 
the  top  chord,  while  large  bolts  screwd  through  solid  boxes  in  the  ends  of  the  lower  chords  and  having 
rounded  ends  bearing  in  hemispherical  cups  in  a  casting  bolted  to  the  end  of  the  cantilever  formed  a  com- 
pression adjustment  and  could  be  easily  set  up  or  slacked  off  so  as  to  lengthen  or  shorten  the  lower  chord. 
This  method  proved  simple,  economical,  and  satisfactory. 

In  the  erection  of  the  steel  ardh  bridge  spanning  the  Mississippi  River  at  St.  Louis  (see  Plates  XLIV 
and  XXXI)  an  effort  was  made  to  insert  the  closing  twelve-foot  sections  of  the  tubular  ribs  of  the  arches  by 
cooling  them  down  with  ice.  The  ribs  were  covered  with  gunny  sacks  and  ice  was  placed  upon  their  upper 
sides,  but  the  temperature  of  the  tubes  was  lowered  by  this  means  only  28°  F.  in  the  day  and  5®  at  night 
(from  95®  and  62**  respectively).  These  effects  were  not  sufficient  to  allow  tubes  of  the  normal  length  to  be 
inserted.  Other  sections  were  used,  which  were  provided  with  adjustable  sleeve-nuts  with  right  and  left 
threads,  allowing  an  extension  of  i^  in.  These  were  worked  by  means  of  a  powerful  wrench  operating 
upon  a  \\-\Xi,  steel  bar  inserted  in  holes  through  the  nut.  The  upper  and  lower  nuts  were  turned 
alternately  as  the  arch  rose  and  fell  with  rising  and  falling  temperatures,  till  the  normal  length  was 
obtained. 

Working  Plant  comprises  travellers,  derricks,  hoisting  engines,  tackle,  pile  drivers,  pumps,  locomo- 
tives, cars,  differential  hoists,  hydraulic  and  screw  jacks,  dynamometers,  steam,  pneumatic,  hydraulic,  and 
electric  appliances  and  hand  tools.  Stationary  derricks  are  much  used  for  unloading  and  handling  material 
and  for  hoisting  secondary  members.  They  are  ordinarily  of  the  familiar  mast  and  boom  pattern,  with 
hollow  vertical  mast  pivot  through  which  the  fall  lines  lead  to  the  hoisting  drums,  and  are  generally  rigged 
with  manilla  running  gear  and  wire-rope  standing  guys.  Sometimes  they  are  stiff-legged,  and  sometimes 
have  also  bases  of  timber  sills,  enabling  them  to  be  easily  moved.  Balanced  derricks  are  sometimes  used. 
At  the  Washington  Bridge  (see  Fig.  3,  PI.  XLV)  all  the  material  for  one  of  the  510  ft.  arches  was 
lifted  to  a  distributing  platform  by  a  balanced  derrick  that  had  twin  overhangs,  a  bearing  on  top  and  a 
friction  collar  and  rollers  at  the  bottom  of  the  trussed  arms.  Small  four-wheeled  trucks  or  "  lauries  * 
are  usually  used  for  distributing  the  iron  work  on  the  span  and  bringing  it  from  the  yards,  but  these  often 
are  provided  with  special  lifting  devices  for  expediting  loading  and  unloading,  especially  if  there  is  no  yard 
derrick.  A  car  having  two  braced  vertical  posts  in  the  middle,  capped  by  an  overhanging  beam  with  a 
tackle  suspended  from  each  end,  is  very  convenient  for  picking  up  a  pair  of  stringers  and  bringing  them  ana 
unloading,  one  on  each  side  of  the  track,  nearly  in  the  required  position.  A  very  effective  arrangement  was 
devised  by  a  young  erector,  that  simply  consisted  of  a  lon^  trussed  beam  with  its  forward  end  somewhat 
elevated  and  carrying  a  tackle  that  was  mounted  close  to  the  front  end  on  a  small  car ;  it  could  be  run  out 
in  the  yard  and  the  fall  belayed  and  the  lever  tipped  down  to  hook  on  to  a  heavy  piece;  then  several  men. 
mounting  the  long  arm  of  the  lever,  would  raise  the  load  and  push  the  car  to  any  required  place,  when  its 
burden  would  be  lowered  by  slacking  off  the  fall  line.  This  device  was  especially  convenient  for  handling 
floor  beams. 

The  many  varieties  of  hoisting  apparatus  in  use  are  generally  some  form  of  multiple  spooled  engine,  with 
capstan  heads  and  drums;  some  of  them  have  eight  spools,  each  driven  by  independent  gearing  and  com- 
manded by  clutches  and  brakes,  so  that  any  one  may  haul  up  or  slack  off  independently,  the  rope  only 
taking  two  or  three  turns  around  the  spool  and  then  being  tailed  off  so  as  to  maintain  the  same  efficiency 
always.  These  engines  usually  have  a  locomotive  gearing  to  enable  them  to  propel  themselves  on  standard- 
gauge  track.  An  ingenious  method  has  been  employed  to  hoist  them  to  the  top  of  high  falsework.  At 
the  Poughkeepsie  Bridge  a  six-spool  engine  was  delivered  by  a  boat  underneath  the  traveller,  from  whose 
top  beams,  250  feet  above,  four  sets  of  tackle  were  hung  and  their  lower  blocks  were  hooked  on  to  the 
engine-bed.  one  on  each  corner ;  the  fall  line  of  each  was  wrapped  around  a  capstan  head  and  kept  taut  b^^  a 
man  mounted  on  the  frame.  Another  man  started  the  engine,  and  as  the  fall  lines  were  wound  up  and 
tailed  off,  the  engine  pulled  itself  and  its  five  men  up  to  the  top  of  the  falsework  and  was  let  down  on 
beams  slipped  under  to  receive  it.  Sometimes  a  locomotive  can  be  advantageously  employed  to  hoist  heavy 
members,  as  at  the  Niagara  Railroad  Suspension  Bridge,  where  the  heavy  saddles  were  hoisted  to  the  tops  of 
the  8o-fv.  tower.i  by  a  line  rove  through  upper  and  lower  snatch-blocks,  and  led  from  the  latter  to  a  loco 
motive  that  simply  steamed  off  with  it  and  drew  the  load  up  after  it.  The  running  tackle  used  should  be 
best  manilla  rope;  \\,  \\,  and  if  are  the  common  sizes,  generally  rove  through  double  and  treble  blocks  with 
lignum  vitae  or  steel  shelves  i6'\  18",  or  20''  in  diameter,  and  steel  hooks  and  lascs.  Members  are  generally 
lifted  with  chain  slings  which  must  be  properly  fastened  to  avoid  cross -straining  the  links,  which  can  be 
veiy  easily  snapped.    Special  hook  clamps  are  often  provided  to  fit  the  fiange^  of  girders.    For  extra-heavy 
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strains  a  luff  tackle  mav  be  u&ed,  consisting  merely  of  a  second  purchase  attached  to  the  laii  nne  of  the  first. 
When  ihis  is  commanded  by  a  heavily  geared  windlass  or  a  hoisting  engine  great  power  is  developed,  but  xa 
slow  and  troublesome  in  its  application. 

Very  heavy  pieces  and  large  masses  or  assembled  structures  may  be  moved  horizontally  on  greased  skids 
by  hydraulic  jacks  that  are  made  of  from  5  to  100  tons  capacity,  and  can  also  raise  or  lower  it,  but  should 
then  be  closely  followed  by  solid  blocking. 

In  commencing  to  drive  a  connecting  pin,  the  holes  in  the  different  members  often  do  not  match,  and. 
d  square-ended  pin  could  not  be  entered.  Therefore,  the  end  which  is  shouldered  and  threaded  for  a  nut 
receives  a  pilot  of  the  same  diameter  as  the  body  of  the  pin,  up  to  which  it  is  screwed  to  fit  tightly,  while  the 
front  end  is  made  conical  and  can  enter  a  half-hole  into  which  it  is  driven,  drawing  the  pieces  into  position 
and  allowing  the  pin  to  follow  easily.  The  pin  should  always  be  driven  by  a  wooden  maul  or  ram  to  avoid 
battering  its  threads.  An  iron-hooped  beam  or  log  suspended  at  the  pin,  by  its  centre  of  gravity  held  from  a 
considerable  height  and  swung  against  the  pin,  does  excellent  service. 

The  specifications  for  most  large  recent  bridges  have  required  machine  field  riveting  which,  in  this 
country,  has  been  done  by  pneumatic  or  hydraulic  tools  similar  to  those  used  in  the  shops.  At  the  Memphis 
Bridge  the  riveters  for  the  floor  system  were  simply  swung  by  long  ropes ;  at  the  Poughkeepsie  Bridge  the]^ 
were  swung  from  a  trolley  that  ran  on  a  longitudinal  track,  moving  in  a  transverse  arc  and  all  revolving 
about  the  centre  of  a  small  traveller  that  cleared  the  inside  braces  of  the  main  traveller.  At  the  Washington 
Bridge  the  arch  rib  splices  were  riveted  up  by  a  machine  that  hung  from  two  differential  hoists  carried  by  a 
trolley  whose  deeply  grooved  wheels  rolled  on  4-inch  round  bars  that  themselves  rolled  freely  on  the  hori- 
zontal braces.  Electric  field  riveters  are  being  much  used  abroad.  A  recent  pattern  has  a  small  motor  that 
by  reducing  gear  operates  a  screw  piston  which  develops  hydraulic  pressure  for  driving  each  rivet. 

Adjustments  of  tension  members  sometimes  are  required  to  be  made  accurately  and  verified;  this  can  be 
done  by  interposing  an  ordinary  spring  dynamometer  so  as  to  form  a  temporary  link  in  the  connection.  But 
this  often  is  a  needless  refinement,  since  the  proportionate,  if  not  the  actual,  tensions  of  members  can  gener* 
ally  be  closely  estimated  after  some  experience  by  striking  them  with  a  hammer.  In  adjusting  over  600  floor« 
beam  suspenders  of  the  Niagara  Bridge  the  writer  was  able  to  estimate  the  strain  by  feeling  of  the  ropes 
almost  within  the  limits  of  graduation  of  the  dynamometer. 

In  the  same  bridge  L.  L.  Buck  reinforced  the  original  anchor  chains  by  additional  new  links,  and  accu- 
rately adjusted  the  load  taken  up  by  the  latter  by  the  elongation  produced. 

When  only  a  slight  discrepancy  at  first  exists  between  tension  bars  of  the  same  members  they  will 
usually  adjust  themselves  by  proportionate  elongations;  but  if  the  variation  is  too  great  it  may  be  sometimes 
eliminated  by  heating  both  bars  (as  by  wrapping  them  with  oily  waste  and  igniting  it),  and  allowing  them  to 
set  themselves  in  cooling.  The  attempt  to  shorten  the  steel  ribs  of'the  St.  Louis  arches  by  packing  them 
in  ice  proved  unsuccessful  as  described  above. 

Thus  it  is  seen  that  in  bridge  erection  unforeseen  and  perplexing  contingencies  continually  arise,  and 
must  be  met  by  all  the  resources  of  science  and  mechanics. 

The  equipment  of  a  complete  general  erection  outfit  should  comprise  full  kits  of  carpenters*  and 
blacksmiths*  and  masons'  tools,  portable  forges  (these  may  be  improvised  with  half  barrels  filled  with  clay, 
and  a  large  bellows  pumping  into  another  large  barrel  with  tuyere  pipes  to  three  or  four  of  them  will  furnish 
very  satisfactory  and  economical  blast,  and  may  be  very  convenient  for  such  work  as  riveting  up  buckle-plate 
flooring),  riveters'  outfits,  tool  steel,  plenty  of  steel  spikes,  fitting  bolts,  long  bolts  and  washers,  hand  screws, 
hand  chisels  and  gouges,  ratchets,  reamers,  screw  and  set  wrenches,  large  key  wrenches  with  rings,  pinch 
bars,  crowbars,  hand  hammers,  sledges,  a  5o-ft.  and  a  loo-ft.  steel  '  tape,  rubber  clothing,  lights,  and  the 
more  important  tools,  etc.,  mentioned  above., 

American  bridge  engineers  design  their  structures  with  careful  consideration  for  the  erection  require- 
ments, and  of  the  combination  bridges  lately  built  in  the  far  West,  some,  if  not  many,  have  been  specially  con- 
structed to  afford  facility  for  replacing  the  wooden  compression  members  with  iron  without  disconnecting 
them  or  impairing  the  integrity  of  the  structures. 

A  large  and  increasing  proportion  of  the  bridge  erection  here  to-day  consists  In  the  renewal  of  existing 
structures  where  it  is  almost  invariably  demanded  that  the  traffic  shall  not  be  interrupted.  When  permissible 
the  road  is  usually  moved  to  a  temporary  crossing  on  one  side  of  the  old  structure,  which  is  then  demolished 
and  replaced  unrestrictedly,  but  this  method  is  often  not  practicable  and  numerous  other  expedients  are 
resorted  to ;  most  often,  probably,  trestle  work  is  put  up  under  the  span  and  the  track  transferred  to  it,  as  well 
as  the  old  structure  after  it  is  disconnected.  As  soon  as  it  is  removed  the  new  structure  is  assembled  upon 
the  trestles,  everything  being  scrupulously  made  to  clear  the  trains  or  only  used  in  fixed  intervals  between 
them.  Sometimes  the  old  bridge  is  made  to  support  the  new  one  till  the  latter  is  swung  and  self-supporting, 
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when  it  in  turn  supports  the  old  one  until  completely  removed.    Sometimes  the  old  structure  is  taken  out- 
piecemeal  and  replaced  by  the  new,  or  clamped  to  it  for  certain  periods. 

Some  very  remarkable  achievements  have  been  accomplished  by  L.  L.  Buck,  whose  work  on  the  Railroad 
Suspension  Bridge  at  Niagara  Falls  is  a  masterpiece  of  skill  and  ability.  He,  at  first,  opened  the  anchor 
pits,  disconnected  the  main  cables,  replaced  numerous  corroded  wires,  removed  the  anchors,  replaced  them 
and  added  new  links  and  pins  to  their  chains.  Afterwards  he  replaced  the  whole  suspended  wooden  super- 
structure with  steel  and  iron  floors  and  trusses.  At  another  time  he  removed  portions  of  the  masonry 
towers,  and  put  in  new  stones,  and  finally  he  replaced  the  massive  towers  with  steel  structures  standing  01 
substantially  the  same  foundations,  and  accomplished  all  the  difficult  operations  quickly,  cheaply,  and  with- 
out loss  of  life  or  any  serious  interruption  of  traffic. 

The  rapidity  with  which  erection  work  can  be  executed  is  illustrated  by  the  bringing  of  the  material  for 
a  aoo-ft.  railroad  bridge  from  a  storage  yard  1000  feet  away,  and  erecting  it  in  16  working  hours  after  false- 
work was  ready. 

The  ^i8-ft.  span  of  ^bit  Cairo  Bridge  was  erected  by  Baird  Brothers  in  six  days;  two  spans  were  erected 
and  the  falsework  and  traveller  twice  put  up  and  moved  in  one  month  and  three  days,  inclusive  of  five  days 
of  idle  time.* 

Bridge  erection  is  subject  to  many  dangers,  and  serious  accidents  appear  to  be  inevitable.  Those  occur- 
ring  to  single  individuals  are  often  not  the  fault  of  the  victim,  who  is  frequently  injured  by  an  article 
dropped  by  some  one  else  or  knocked  off  from  the  work  by  some  carelessness.  An  experienced  bridgeman 
seldom  falls  from  a  great  height  through  dizziness  or  missteps,  but  may  do  so  by  carelessly  stepping  on  a  loose 
plank.  Some  terrible  accidents  have  occurred  by  the  collapse  of  falsework,  trestling,  and  travellers,  some  of 
them  perhaps  due  to  derailments  or  breakages  while  hoisting  heavy  pieces,  or  possibly  to  outright  general 
weakness,  but  comparatively  few  are  ever  exactly  determined,  except  where,  as  is  too  often  the  case,  trestles 
are  destroyed  by  floods  scouring  out  the  bottom  underneath  them  or  piling  vast  quantities  of  drift  against 
them,  as  was  the  case  at  Wheeling,  W.  Va.,  and  has  been  frequent  in  the  Ohio  River  bridges.! 

No  other  calling  demands  and  receives  the  experience,  courage,  good  judgment,  and  personal  endurance 
displayed  by  the  leaders  and  skilled  workmen  in  bridge  erection.  They  must  construct  the  loftiest  and  most 
difficult  scaffolding  solely  by  their  own  resources,  often  in  remote  and  dangerous  positions,  and  upon  them 
must  handle  and  perfectly  adjust  heavy  girders  and  huge  chords,  etc.,  weighing  perhaps  100,000  lbs.,  while 
subject  to  constant  peril  of  destruction  by  storm  and  flood,  or  they  must  build  great  trusses  in  the  very  path 
of  frequent  express  trains  without  impeding  their  progress  or  prejudicing  their  safety.  Under  such  trying 
circumstances  their  work  is  accomplished  with  a  rapidity  and  accuracy  exceeding  that  in  some  comfortable 
and  well  equipped  shops  and  mechanical  plants,  and  the  great  address  and  faithfulness,  general  int^rity  and 
reliability  that  they  exhibit  in  their  difficult  tasks  brings  them  into  deserved  prominence  among  construcJVe 
workmen.  These  men  are  characteristic  of  our  grand  nation.  Keeping  pace  with  the  unparalleled  creation! 
of  this  generation  of  bridge  designers,  they  have  applied  no  ordinary  engineering  skill  to  the  devising  and 
execution  of  erection  methods  whose  success  is  attested  by  scores  of  monumental  constructions,  and  the 
absence  of  many  great  disasters. 

*  Perhaps  the  most  remarkable  achievement  on  record  (to  March,  1896)  is  found  in  the  erection  of  three  Pegram- 
truss  spans  (see  p.  67),  of  217  feet  each,  on  the  Union  Pacific.  R.  R.  These  three  spans  were  erected,  floor  system  put 
in,  and  ties  and  guard-rails  finished  on  Feb.  8,  1896,  the  bridge  gang  having  arrived  on  the  ground  on  the  evening  of 
Jan.  24.  Thus  in  twelve  working  days  the  false- work  was  put  in,  the  traveller  erected,  the  old  Howe-truss  spans 
removed,  and  660  feet  of  new  bridge  erected  and  completed.  The  last  span,  not  including  the  floor  system,  was  erected 
in  five  hours  and  twenty  minutes,  the  material  being  brought  from  the  storage  yard,  several  hundred  feet  away.  On 
an  average  70  men  were  employed,  28  of  them  being  on  the  traveller.     Only  one  hoisting-engine  was  used. 

t  To  avoid  a  recurrence  of  such  accidents  the  Edge  Moor  Bridge  Co.  employed  in  1897  an  auxiliary  truss,  200  feet 
long,  for  the  erection  of  the  new  Newport  and  Cincinnati  bridge,  as  shown  in  Plate  L.  This  was  made  compulsory  foi 
the  channel  span,  which  was  not  allowed  to  be  wholly  obstructed  during  erection,  and  its  length  was  then  reduced  so  ai 
to  employ  it  on  the  other  (198  foot)  spans. 
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Abutment  reactions  determined  analytically 15-17 

graphically 22 

for  swing  bridges 149,  205 

Abutments,  aesthetic  design  of 457 

Adjustment  of  members 550 

^Esthetic  design,  general  principles 450-452 

influence  of  color. on 453 

material  on 452 

shades  and  shadows 

on 454 

of  the  roadway 459 

substructure 456-458 

superstructure 459 

ornamentation 454-456 

plates  and  comments 460-464 

i^thetics,  development  of 449 

Anchor-bolts 303 

Anchorage  of  columns 180, 441, 443,  501 

stand-pipes 467,  469 

suspension  bridges 200 

Angle-blocks  for  Howe  trusses 387 

Arch  and  equilibrium  polygon 233 

of  three  hinges,  computation  of  stresses 236 

equilibrium  polygon  for 235 

graphic  analysis  of 41 

maximum  stress  in  any  mem- 
ber     235 

of  two  hinges,  computation  of  stresses 241 

deflection  of 238 

equilibriuQi  polygon  for 239 

full-spandrel, -solution  of 249 

maximum  stress  in  any  mem- 
ber    240 

stresses  due  to  distortion 242 

with  fixed  ends,  computation  of  stresses 246 

equilibrium  polygon  for.  .  . .    243 
maximum  stress  in  any  mem- 
ber.     245 

stresses  due  to  distortion.  . . .   248 

temp,  changes  247 

Arches,  advantages  of 277 

analysis  of 233-250 

deflection  formulae  derived 236-238 

erection  of 545 

exact  stresses  in 265 

kinds  of 233 

Artistic  analysis 440-442 

design.     See  .Esthetic  design. 
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Baltimore  truss,  analysis  01,  for  uniform  loads 65 

Batten  plates,  design  of 289,  375 

Beam,  bending  moment  in  a 31,  45-47 

moment  of  resistance  at  rupture 136 

shear  and  bending  moment,  relation  between,  142 

shearing  stress  in  a 47,  145,  183 

stress  distribution  in  a 135 

trussed,  analysis  of  a 181 

Beams,  arrangement  in  tall  buildings 478 

curved,  deflection  of 236-23S 

deflection  formulse  for 142 

economical  spacing  of 479 

moment  formulae  for 14.^ 

moments  and  shears,  table  of. no 

theory  of 1 30- 1 58 

elementary  principles  in 131- 135 

general    case    for  unsymmetrical 

sections 1 54 

history  of 1 30 

Bearing  plates.     See  Pin  plates. 

Bed-plates  for  plate  girders 341 

trestle-columns 438 

specification  for 534 

BoUman  truss,  history  of 7 

Bolts,  use  of 303 

Bottom  chords,  design  of  end 316 

specification  for 528 

Bowstring  truss,  analysis  for  uniform  loads 69,  75 

Braced  arches.     See  Arch. 

Bridge,  economical  location  for  a .• 269 

number  of  spans 271 

Bridge  erection,  accidents  in 551 

defined 542 

details  of 550 

equipment  necessary 550 

falsework  for 545-548 

hoisting  apparatus  for 549 

long  span  bridges 545 

pontoqji  method  of 546 

rapidtiy  of 551 

simple  trusses 548 

viaducts 543 

without  stopping  traffic $$u 

working  plant  for 54^-550 

Bridge  floors,  design  of 317 

discussion  of 273—275 

highway 379-38a 

plate  girder 273-275,  343 

553 


554 
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Bridge  strains,  apparatus  for  measuring. 266 

Bridge  truss,  design  of  a.     See  Railway  bridge. 

economical  dimensions  of  a 354 

Bridge  trusses,  analysis  for  uniform  loads 43-79 

wheel-loads 80-108 

apex  loads 44 

Bridges,  advantages  of  different  forms 272-277 

aesthetic  design  of.     See  .^Esthetic  design, 
highway.     See  Highway  bridges. 
Howe  truss.     See  Howe  truss. 

live  loads  on 44 

long  span,  form  of 277 

proper  structure  for  given  crossing. 270 

railway.     See  Railway  bridges. 

specifications  for 523-534 

styles  and  determining  conditions. .  . .  269-277 

swing.     See  Swing  bridges. 

weights  of,  formulae  for.  .43,  269,  274-277,  379 

.  wind  pressure  on 115 

Building  construction.   See  Tall  building  construc- 
tion, also  Mill  building  construction. 

Barr  truss,  history  of. 5 

ft 

Cable,  deflection  of 195-198 

stress  in,  for  uniform  load 188 

when  stays  are  used. 199 

Calking. 470 

Camber,  amount  of , 323 

of  swing  bridges 415 

purpose  of 257 

specification  for. 526 

Cantilever  bridges,  advantages  and  disadvantages, 

228,  277 

analysis  of 228-232 

concentrated  loads  on 229 

erection  of 545,  548 

forms  of 227 

Forth  bridge 227 

Indiana  and  Kentucky  bridge.   230 

influence  lines  for 229 

Kentucky  river  bridge .*.   227 

wind  stresses  in 232 

Centrifugal  force,  effect  of 1 26 

specification  for 524 

Chord  packing  in  Howe  trusses 388 

splices     "        "  "     385 

stresses  for  uniform  loads 49f  68 

wheel-loads 81, 99 

Chords,  definition  of. 3 

stiff  bottom 316 

top.     See  Top  chord. 

Clearance  for  rivet  heads 294 

specification  for 523 

Clevises,  dimensions  of  standard 285 

Collision  struts  for  Howe  trusses 388 

use  of 317 

Color,  artistic  use  of 453 

Columns,  anchorage  of 180,  441,  443,  501,  503 

arrangement  of,  in  tall  buildings 478 

bases  for 438,  505 
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Columns,  batter  of. 43^ 

caps  for 438, 496 

design  of,  for  tall  buildings 488, 491 

effect  of  end  conditions. 163 

Euler's  formula  for 162 

failure  by  bending 161 

crushing. 159 

crushing  and  bending. 160 

for  elevated  railroads 179,  441,  445 

for  elevated  tanks 472-475 

mill  buildings 50i-505»  507-512 

tall         "        478, 480-482, 488-491 

trestles 431.  435.  438 

forms  of 287, 490 

formulae  for 159-169 

loads  on,  in  buildings. 480 

new  formula  for 164 

Rankine*s  formula  for 161 

straight  line  formula  for 167 

stresses  in 179, 443, 488,  501,  507-51 2 

tests  of 168 

timber 389 

wind  stresses  in 179,  501,  507-512 

See  also  Compression  members. 

Combined  stresses,  action  of 172 

compression  and  bending  ..  175,  179 

examples  of 172 

formulae  for 172 

in  end  posts,  from  wind 179 

tension  and  bending. 1 73 

Compound  sections  for  tension  members 28-' 

Compression  and  bending. 175- '79 

Compression  members,  bending  due  to  weight.  ...    176 

economy  in  manufacture. . .   287 
resisting  stress.   288 

end  details  of. 289 

forms  of 287, 490 

formulae  for 291 

latticing  of 291 

limiting  dimensions  of. .  289,  533 

specifications  for 533,  535 

^ie-plates  on 289,  535 

See  also  Columns  and  Top  chord. 

Concentrated  loads,  analysis  for 80-108 

conventional  methods  of  treat- 
ment  109-1 14 

graphical    method    of    analy- 
sis  92-96 

on  cantilever  bridges 229 

position  of,  for  maximum  floor- 
beam  load 84 

position  of,  for  maximum  mo- 
ment      81 

position  of  for  maximum  shear .     85 

Continuous  girders,  formulae  for  moments. 148-154 

shears 151 

reaction     constants    for     two 

equal    spans 150, 205 

See  alro  Swing  bridges. 
Conventional  methods  of  analysis. 109-1x4, 153 
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Cooper's  system  of  wheel-loads. 109 

Coping  of  pier,  aesthetic  design  of 457 

Corbels  in  timber  trestles 419 

Cornices 460 

Counterbrace,  defined '. 3 

Counters,  defined 4 

Couple  defined 11 

Cranes,  columns  and  girders  for. 504 

Crescent  truss 38-41 

Crushing  strength  of  coltunns,  defined 159 

Dead  loads,  bridges 43 

buildings 481 

highway  bridges 378 

railway  bridges 43,  268 

roofs. 33 

specification  for 524 

swing-bridges 413 

Deck-bridge,  defined 5 

Deflection,  effect  of  changing  height  of  truss 256 

errors  from  neglecting  web 259 

formula  for  a  Pratt  truss 254-256 

for  beams 142-144 

from  chord  and  web 251,  255 

inelastic 257 

numerical  computation  of 259 

of  framed  structures 251-259 

suspension  bridges 195-198 

a  Warren  girder 251 

Derrick,  A 544 

Derricks,  description  of 549 

Details  of  construction 293-324 

Dimensions,  artistic  consideration  of 451 

Double  intersection  truss,  inclined  chords 78 

parallel       "      61, 105 

triangular  truss 63 

Dowels  for  Howe  trusses 388 

Draw  bridges.     See  Swing  bridges. 

Eccentric  loading  of  members 184, 491 

trusses 127 

Eccentricity  of  pins,  effect  of 176,  360 

top  chord,  computation  of 359 

Elastic  limit,  defined 2 

Elasticity,  modulus  of 2 

Elevated  railroads,  characteristic  features  of 440 

columns,  anchorage  for. ..  .441, 443 
stresses  in.  ...  179, 443-445 

cost  of 448 

economical  span  for 448 

erection  of 544 

expansion  joints  for 314,  442 

illustrations  of 445-447 

lateral  and  longitudinal  stability 

of 441 

live  loads  for 440 

wind  pressure  on. 442 

Elevated  tanks,  concentration  of  loads  to  columns.  472 

cost  compared  to  stand-pipes. .  . .  475 

dimensions  of 475 

general  design 472 
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Elevated  tanks,  materia]  for. 476 

riveting  of 472 

roof 474 

thickness  of  plates 472 

tower,  design  of 475 

Embankment,  cost  compared  to  iron  trestle 434 

End-lifts  for  swing-bridges. 400, 406, 416 

Engine  excess 1 1  x 

Engine  for  swing  bridges 410, 41 7 

Equations  of  equilibrium,  analytical  application  of  14-20 

graphical        "  "  21-32 

Equilibrium,  defined 11 

laws  of,  applied  to  framed  structures.  1 1-32 
Equilibrium  polygon,  for  an  arch  of  three  hinges. ...   235 

for  an  arch  of  two  hinges. . .    239 

forces  nearly  parallel 22 

parallel 25 

reactions  fotmd  by. 22 

relation  to  stresses  in  arches. .  233 

through  three  points 24 

Equivalent  uniform  load  method  of  analysis 1 1 1 

Excess  loads 1 10 

Expansion  joints  for  elevated  railroads 442 

girders 314 

■ 

External  forces  defined i 

Eyebars,  dimensions,  table  of • .  • .  282 

loss  of  strength  in 282,  284 

manufacture  of 282 

packing  of,  on  pins 309,  365 

specification  for 528 

stiffened 316 

stress  due  to  weight  of 173, 175 

Facing,  method  of 538 

Falsework,  framed  trestle 546 

pile  "       547 

suspension  bridge  for 545 

trussed  span  for 546 

Fatigue  formtila 279 

of  metals 279 

Fink  truss,  history  of 7 

Flange  areas,  formtila  for 330 

Flange  plates,  length  of 335 

Flange  splices 339 

Flanges,  design  of .^. . .  335 

spacing  of  rivets  in Z30, 337 

transference  of  stress  to 337 

Floor,  weight  of 481 

Floor-beam  concentration,  computation  of 84, 91 

Floor-beam  hangers,  plate 319 

stiffened 316 

stressesin 189 

Floor-beams  for  a  highway  bridge,  design  of 381 

Howe  truss 389 

railway  bridge 362 

Floor  system  for  a  highway  bridge 380, 382- 

railway  bridge 361 

through  plate  girders.  ..  .273-275,  343 

timber  trestles 383, 419 

general  design  of 273-275, 318 

Floor  systems,  illustrations  of 318 
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Forces,  kinds  of 1 1 

Form  of  a  structure 451 

Forth  bridge,  diagram  of 227 

wind  pressure  experiments  at 33 

Foundations  in  soft  soil 482-485 

Framed  structures,  classification  of 542 

defined i 

erection  of 542-551 

Friction  coefficient,  specification  for 524 

Friction  in  gmring  bridges. 408,  41 1 

Fundamental  principles  reviewed 30 

Gin-p)ole,  defined 543 

Gin-pole,  raising  of . .    544 

use  of 543 

Girders,  moments  and  shears,  table  of no 

pin  bearing  for 314 

See  plate  girders,  a/^o  lattice  girders. 

Graphic  analysis  for  concentrated  loads 91-96 

of  trusses 21-42,  75 

Gravity  lines,  non-intersecting,  stresses  due  to  ... .   183 

Hand  rails. 379 

.  Hangers,  plate 319 

stiffened 316 

stresses  in '.. 189 

tests  of 522 

Highway  bridge,  design  of  floor  system  for  a.  .  .  380-382 

lateral  bracing  for  a.  .  . .   383 
main  members  for  a.  .  .  .   382 

Highway  bridges,  dead  loads  on 378 

design  of  details 379 

dimensions  of 379 

floors,  forms  of 379 

f onns  of 380 

general  conditions 378 

hand  rails  for 379 

live  loads  on 44,  378 

panel  length  for 380 

weights  of 378 

working  stresses  for 379 

Hip  vertical,  design  of 374 

stiffened 316 

Historical  development  of  the  truss 5-10 

theory  of  beams  .  .    131 

Hoisting  engines 549 

Howe  truss,  analysis  for  uniform  loads 60 

angle  blocks  and  bearing  plate 387 

bin  of  material  for  a 391 

chord  splices  in. 3^5-387 

design  of  a 3^^0-392 

history  of  the 7 

miscellaneous  details 388 

Howe  trusses  advantages  and  use  of 385 

of  long  span,  details 356,  392 

weights  and  quantities 390 

working  stresses  for 389 

I-beam  spans,  specifications  for 523 

Impact 278 

Indiana  and  Kentucky  bridge,  analysis  of 230 


PAOB 

Influence  lines,  defined 80 

for  cantilever 229 

double  intersection  trusses. ...   104 

moment 81, 96 

panel  load 84 

shear. 85 

skew  bridges. 108 

swing  bridges 217 

Inspection  of  mill-work 536 

shop-work 538-541 

records  for. 538-540 

specification  for 530 

Iron  and  steel,  aesthetic  qualities  of 452 

inspection  of 536 

manufacture  of 535 

Joints,  details  of  for  railway  bridges 365, 376 

packing  of. 321, 323 

riveted.    See  Riveted  joints. 

Kentucky  River  bridge 227 

Lateral  bracing,  analysis  of 1 15-1 29 

for  plate  girders 340 

railway  bridges 364 

roof  trusses 352,  503 

swing  bridges 412 

forms  of 318-320 

specifications  for 526 

Lateral  rod,  stress  due  to  weight  of 1 75 

Lattice  bars,^  design  of,  for  a  railway  bridge 375 

general  design  of 291 

s>ze  of 323,  375.  527 

Lattice  girders,  advantages  of 275 

design  of 275,  376 

erection  of 543 

pin-bearing  for 314 

secondary  stresses  in 183 

transportation  of 542 

weight  of 44,  276 

Lattice  truss,  analysis  of 64 

Launhardt's  formula 279 

Lenticular  truss,  analysis  of 68 

Live  loads  for  bridges 44»  85,  109-114, 153,  378 

buildings 482 

elevated  railroads. 440 

roofs 33 

Load  Une 93 

Lomas  nuts. 304 

Long  span  bridges,  forms  of 277 

Loop  eyes,  dimensions  of 283 

manufacttu^  and  use  of 286 

Masonry,  pressure  on,  for  swinging  bridges 395 

specification  for 527 

Material,  influence  of,  on  asthetic  appearance. ...  452 

kind  of,  for  various  members 523 

specifications  for 528, 533 

Maxwell  diagrams 27-29 

Memphis  bridge,  movable  bearing  for 313 

Method  of  sections • « .  •     19 
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Mill  buildings,  analysis  for  wind  stresses. 507-5*2 

analysis,  methods  of 499 

bracing,  systems  of 503 

columns,  bases  for 505 

horizontal  forces  on 501-503 

connections,  design  of 505 

corrugated  sheeting  for. 506 

girders 504 

Hghting  and  ventilaiton 506** 

loads  on,  horizontal 499 

vertical 498 

pkrs  for 505 

purlins  for 506 

roof  trusses 504, 506 

track  rails 505 

types  of 498 

wind  pressure  on 499 

Mill-work  described 535 

inspection  of 536 

Minimtun  sections,  specifications  for 525 

Modulus  of  elasticity,  definition  and  examples. ...       2 

Moment,  defined 11 

in  an  arch 234 

in  a  beam  for  uniform  loads 3i>  45 

concentrated  loads 45, 83 

cantilever  bridge 229 

truss,  for  uniform  loads 32 

concentrated  loads 83, 96 

influence  lines  for 82, 96,  X07,  229 

sign  of 45 

Moment  of  inertia,  graphical  method  of  finding  ...    139 

of  top-chord  section 359 

tabular  computation  of 138 

Moments  and  shears  on  girders,  table  of no 

Moments  of  inertia,  formulae  for 133 

Moments  of  resistance  at  rupture 136 

formuUe  for 133 

Moments,  tabulation  of  wheel-load 87 

Nuts,  dimensions  of 304 

Ornamentation,  distribution  of 454 

form  of 455 

object  of 451, 454 

of  coping  of  pier. 457 

of  roadway 460 

quantity  of 454 

scale  of 455 

style  of 456 

Packing  of  joints 321, 323 

for  a  railway  bridge 365 

Painting,  specification  for 530 

Panel  concentrations,  computation  of 95 

in  a  Whipple  truss 105 

Panel  length  for  highway  bridges 380 

Panel  load; : 44, 95 

Panels,  long  rerxits  short 354 

Pedestals  for  iron  trestles 437 

Pegram  truss,  analysis  for  uniform  !oads 75 

wheel-loads. 99-102 
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Petit  truss,  advantages  of.  . . , 276 

analysis  for  uniform  loads. 77 

wheel-loads  102,  103 

Piers  and  abutments,  aesthetic  design  of.    .    .  .456-458 
Pile  trestles.     See  Trestles. 

Pin  bearing  for  girders 314 

Pin-connected  trusses,  advantages  of 276 

secondary  stresses  in 185 

weight  of 277 

Pin- joints,  deflection  caused  by  play  in 257 

Pin-plates,  design  of  for  a  railway  bridge 365 

for  tension  members 289, 373 

length  of 371 

thickness  of 365 

Pin,  position  of,  in  top  chord 360 

Pins,  bearing  values  of 309 

bearing  values  of  plates  on,  diagram  of 310 

bending  moments  on,  calculation  of 306,  307 

table  of 308 

design  of,  for  a  railway  bridge 365 

dimensions  of  standard 304 

driving  of. 550 

eccentricity  of. -. .   1 76 

fibre  stresses  in 307 

for  lateral  rods 305 

gripi  calculation  of 305 

packing  of  eyebars  on 308 

shearing  stresses  in 305 

specifications  for 525,  527 

stresses,  calculation  of 305-314 

working  stresses  for 489,  307-309,  525 

Pivjt  for  deck  swing  bridges 395 

through  swing  bridges. 393 

Plate  girder  swing  bridges 393 

end  lifts  for 401 

Plate  girders,  advantages  of 272 

anchor  bolts  for 341 

bed-plates  for 341 

calculation  by  moment  diagram ....     92 
concentration  loads,  transference  to 

web 329,  340 

design  of  deck 331-342 

through 342-345 

economical  depth  of 332 

erection  of 543,  546 

expansion  bearings  for. 314, 342 

expansion  joints  for. 314 

flange  angles  size  of 335, 342 

flange  plates,  length  of 335 

flanges,  design  of 330, 335, 342 

resultant  stress  on  rivets. . .  331 

riveting  of 330, 337 

splices  in 339 

transference  of  web  stress. . .    337 

floors,  design  of 318, 343 

forms  of. 274 

forms  of 2''S 

lateral  bracing  of • 340 

moment  for  concentrated  loads 83 

resisted  by  web 324 

moments  and  shears  on,  table  of . . .   no 
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Plate  girders,  pin  bearing  for. 314 

shear  for  concentrated  loads. 85 

specifications  for. 527 

stiffeners,  design  of 147, 329, 340 

theoretical  treatment  of 324,  330 

transportation  of 542 

web,  design  of. 334 

dimensions  of \ 325 

splice  for  moment  and  shear  325-329 

splices,  rivets  in. 338 

weight  of 43,  274 

width  of 334 

Plates,  bearing  value  of,  on  rivets. 310 

limiting  weight  of 325 

Pontoons  used  in  erection 546 

Pony  truss,  defined 5 

Portal  bracing,  analysis  of. .  .116-123,  ^79*  320, 443-445 

design  of 320, 493 

for  Howe  trusses 388 

in  tall  buildings. 493-495 

specification  for 526 

Portal  strut,  design  of 365 

Post  splices  in  timber  tiestks. 427 

Post  truss,  analysis  of. 64 

history  of. 9 

Posts,  details  of 375 

Pratt  truss,  advantages  of. 276 

analysis  for  imif orm  loads 56 

wheel-loads. 87-91 

deflection  formula  for 254-256 

from  web  and  chord. . . .  255,  256 

depths  for  maximum  stiffness. 256 

history  of 9 

subdivided     See  Baltimore  truss,  cdso 
Petit  truss. 
Punched  holes,  effect  of,  on  steel  and  iron. . ..  .514-521 

Punching,  methods  of 537 

Purlins,  design  of 349, 506 

spacing  of. 347 

Queen-post  truss  without  counters 181 

Railings,  aesthetic  design  of 460 

Railway  bridge,  design  of  a. 353-376 

floor  system 361 

joint  details 365-375 

lateral  bracing. 364, 365 

main  members 357-359 

pins.. .   365-370 

shoes. 374 

stress  sheet  for. 365 

tabulation  of  stresses  in  a 355 

working  stresses  fo^  a 356 

Ram  and  toggle-joint  end  lift 404-406 

Reaming,  methods  of 537 

tests  to  determine  effect 518 

Redundant  members,  stresses  in 260 

Repeated  stress 279 

Resultant,  defined. 11 

of  concurrent  forces 1 1-13 

non-concurrent  forces 13 

Reversed  stress,  experiments  on 279 
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Rivet  heads,  clearance  for 294 

size  and  weight  of 293 

Rivet  spacing,  general  rules 294 

in  angles,  channels,  and  beams . . .     302 

girder  flanges. .330  337 

specifications  for       527 

Riveted  joints,  calking  of 470 

design  of 298,  299 

kinds  of 297 

strength,  table  of 470 

tests  of 299-301,  515-519 

Riveted  truss.    See  Lattice  girder 

Riveting,  clearance  for  tools 295 

effect  of,  on  strength  of  net  section.  520 

field 550 

inspection  of 540 

methods  of 537 

of  elevated  tanks 472 

stand-pipes. .  .   469 

Rivets,  bending  of 297 

conventional  signs  for 303 

in  pin-plates 371 

length  or  grip  of 295 

location  of,  on  drawings. 302 

material  for 293 

secondary  stresses  in. 185 

size  of ! 293-295 

specifications  for. 527 

strength,  tables  of 297 

Roadway,  {esthetic  design  of 459 

Rods,  dimensions  of  square  and  round 283 

use  of 284 

Roller-baring,  design  for  heavy 313 

Rollers,  bearing  strength  of 309, 311-313 

experiments  on 31 1-31 3 

for  swing  bridges,  conical 395 

design  of 415 

Roof  coverings,  kinds  of 347 

weight  of 33,  350 

Roof -trusses,  analysis  of 34-42, 347, 190-194 

arch  truss 41 

crescent  truss 38-41 

dead  load  on.  .    33 

design  of 350-353 

economical  spacing  of 348 

erection  of 543 

expansion  of 506 

Fink  analysis  of 36 

table  of  coefficients  for 351 

forms  of : 35, 346,  504 

lateral  bracing  of 352,  503 

live  load  on. 33, 347, 498 

purlins,  design  of 349, 506 

proportions  of 346 

reactions  for ,     34 

riveted  versus  pin-connected 346 

weight  of 347 

wind  pressure  on 33, 347, 499-50i»  503 

working  stresses  for 348 

Screw-threads  on  steel  rods. 521 
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Secondary  stresses,  defined 183 

due  to  eccentric  loading 184 

non-intersecting  gravity 

lines 183 

rigidity  of  joints. 185 

in  rivets 185 

Shades  and  shadows,  artistic  value  of 454 

Shear  in  an  arch 234 

a  beam 47,  85 

a  truss 85 

cantilever  bridges 230 

sign  of 47 

Shoe,  design  of  a 321 

Shoes,  details  of 374 

specifications  for 527 

Shop-work,  inspection  of 538-541 

processes  described 536-538 

Single  shapes  for  tension  members 286 

Skew  bridges,  analysis  for  uniform  loads 78 

wheel-loads 107 

Skew  portals 122 

Sleeve-nuts,  dimensions  of 285 

Spandrel  sections,  design  of 485-488 

Specifications  for  bridges 523 

steel  and  iron 476,  528,  533  i- 

working  stresses 356,  525 

Stand-pipes,  anchorage  for 467-469 

bottom  of 470 

calking  of 470 

capacity  of 465 

cost  of 475 

material  for 466, 476 

ornamentation  of 471 

riveting  of 469 

thickness  of  plate 466 

top  of 470 

wind  pressure  on 476 

Stays,  action  of , 190-197 

deflection  of 196-198 

stresses  in 199 

Steel  and  iron,  inspection  of 535-536 

manufacture  of 535 

pimching,  effect  of 522 

cost  of,  compared  to  iron 514 

for  stand-pipes  and  tanks 464, 474 

medium,  workmanship  on. 529,  534 

ptmching  of. 514-521 

reaming,  tests  to  determine  effect 518 

sheared  edges  on 519 

soft,  use  of  in  bridges 513-523 

specifications  for 475,  528,  533 

tests  showing  effect  of  punching. 515-519 

bars,  screw  threads  on 521 

versus  wrought-iron 513-523 

Stiflfeners  for  stringers  and  plate  girders.. .  147,  329,  340 

Stiffening  truss,  action  of 189 

deflection  of 189,  197 

stresses  in 190-194 

with  stays. 199 

Stone,  apsthetic  qualities  of 452 

Straightening. 533 
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Strain,  defined i 

Strain  diagrams. .  . . .  .• 134 

Strains,  apparatus  for  measuring 266 

Stress  and  strain i 

defined i 

Stress  sheet,  defined 368 

for  a  railway  bridge 365 

Stresses^  calculation  of,  specification  for 524,  526 

sign  of 3 

tabulation  of  computation 61 

Stringers  and  floor-beams,  specifications  for 523 

for  Howe  trusses 389 

railway  bridges 362 

timber  trestles 419 

lateral  bracing  for 361 

minim<lm  depth 317 

moment  and  shear  for  wheel  loads 91,  no 

spacing  of,  specification  for 523 

stiffeners  for 361 

weight  of 361 

Struts,  defined 3 

Style 450 

Sub-panels,  methods  of  making 315 

Substructure,  aesthetic  design  of . 456-458 

Sub-struts  for  supporting  compression  members. . .  317 

Suspension  bridges,  anchorage 200 

as  falsework 545 

cable 188, 195 

erection  of 545 

hangers 196-199 

history  of 187 

stays 196-199 

stiflTening  truss.  . .  189-194,  196-199 

theory  of 188-201 

Sway  bracing,  analysis  of .  . . .  123, 179, 443, 493,  501,  507 

design  of 320 

for  elevated  railroads 443 

mill-buildings 501,  507 

tall  buildings 493 

timber  trestles. 420 

Swing  bridge,  design  of  a 412-417 

Swing  bridges,  analysis  of 202-223 

bearing  on  masonry 395 

camber  of 415 

centre  bearing,  analysis  of 206-215 

conical  rollers  for  centre  bearing  . .   395 

dead  load 206, 413 

deflection  of 415 

design  of 393-417 

end  lifts 400-406, 416 

engine,  design  of 410, 417 

erection  of 545 

floor  system,  design  of 412 

forms  of 393,  396 

formulae  for  reactions 202-204,  223 

friction  constants 411 

friction  in  turning. 408 

inertia  of 409 

influence  lines  for 216 

lateral  bracing  for 412 

lift aaa 
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S^ing  bridges,  lifting  of,  power  required 407 

machinery  for  operating 406 

methods  of  supporting  at  the  centre .   398 

pivot  for  centre  bearing. 393 

plate  girder 393 

pony  truss 394 

power  required  in  lifting. .  .403-407, 409 

turning 409 

reaction  constants  for 150,  205,  209 

reactions,  formulie  for 202-204 

resistances  to  turning. 407-409 

rim  bearing,  four  supports,  analysis 

of 220 

rim  bearing,   four  supports,   equal 

loads  on  the  turntable,  analysis  of.  222 
rim  bearing,   four  supfX)rts,  equal 

moments  at  centre,  analysis  of. . . .   220 
rim  bearing,  three  supports,  analy- 
sis of 221 

rollers,  conical,  for  centre  bearing. .   395 

turning,  arrangements  for 406, 416 

resistances  to 407-409 

turntable,  design  of 413,  415 

weight  of 206,  413 

wind  pressure  in  turning 408 

wind  stresses  in 223 

work  done  in  lifting  and  turning.  407-409 
Symmetry,  importance  of ; . .  450 

* 
Tall  buildings,  beams,  arrangement  of 478 

calculation  of 488 

spacing  of 479 

columns,  arrangement  of 478 

calculation  of 488-491 

forms  of 490 

loads  on 480-482 

design  of 478-497 

details 495-497 

floor,  type  of 481 

foundations 482-485 

iron  and  steel  in 477 

loads  in 480 

procedure  in  designing 478 

spandrel  sections. 485-488 

wind  bracing 49^-495 

Tanks.     See  Elevated  tanks. 

Temperature  stresses  in  arches 241,  247 

Tension  and  bending. 172,17;, 

Tension  members,  adjustment  of 550 

compound  sections  for 287 

design  of 281-287 

eyebars 281 

rods 284 

single  shapes 2.^6 

specifications  f«r 525,  526 

Tests  on  columns 168 

riveted  joints 299;  515 

rollers 3*1 

Thames  River  bridge,  friction  of 411 

Three  moments,  equation  of , 148 

Through  bridge  defined 5 


PAGE 

Through  plate  girder,  design  of 342 

Thrust  in  an  arch 234 

Tie  plates,  design  of '. .   289 

Ties  defined 3 

Ties,  railroad,  specification  for 524 

Timber  trestle.     See  Trestles. 

Timber,  working  stresses  for. . . .  •. 389 

Toggle  joint  end-lift 404-406 

Top  chord  as  stringer 1 76, 525 

centre  of  gravity  of 359 

design  of 358 

eccentric  loading,  effect  of 176 

joints,  design  of 321,  375 

position  of  pin  in 359 

^lices,  design  of 375 

stress  due  to  weight  of 1 75.  176,  360 

Towers  for  elevated  tanks 475 

Travellers,  construction  of 544,  548 

Trestles,  iron,  bracing  of 435 

columns,  bases  for 438 

batter  of 431 

caps  for 438 

connections  for 438 

design  of 435 

cost,  compared  to  embankment.  . . .   434 

economic  length  of  span 432 

election  of 544 

.  general  design  of 429 

lateral  stability  of 431 

length  of  power  span 432 

stresses  in 435-437 

weight  of 433 

wind  pressure  on 431 

timber,  bents 418 

conditions  of  use 418 

corbels 419 

.  erection  of 545 

floor  systems  for 419 

for  falsework 546-548 

illustrations  of  standard 421-426 

joints  in 418 

longitudinal  stability  of 420 

stringers  for 419 

splices  in 429 

sway  bracing  for 420 

.  working  stresses  for 429 

Triangular  truss 53 

Triple-intersection  truss 63 

Truss,  action  of  a 4 

defired 3 

historical  development  of  the 5-10 

for  suspension  bridges.     See  Stiffening  truss. 

Truss  members,  design  of 278-292 

Trussed  beam,  analysis  of 181 

Trusses,  deflection  of 251-259 

economy  of  various  forms ^ 314 

forms  for  swing  bridges 39^398 

See  also  Bridge  trusses  and  Roof  trusses. 

Turn-buckle  instead  of  sleeve-nut 286 

Turning  arrangements  for  swing  bridges.  ^^ 416 

Turntable,  design  of  a 413-415 
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Turntable,  method  of  loading. 39^400 

Upset  screw  ends,  dimensions  of. 284 

Viaducts,  erection  of 544 

See  Elevated  railroads,  also  Trestka. 

Warren  girder,  advantages  of 276 

analysis  for  uniform  loads 53 

wheel-loads 96 

Water  towers,  kinds  of 465 

See  Stand-pipes,  also  Elevated  tanks. 

Watertown  Arsenal  tests  of  columns 168 

riveted  joints 299, 515 

Web,  distribution  of  load  over. 329,  340 

thickness  of 334 

Web  members  defined 3 

Web  splices 325-329*  33^ 

Web  stiffeners 147, 329,  340 

WeJ}  stresses  for  wheel  loads. 89-91, 94, 98 

inclined  chords. 69 

parallel  chords. 50, 51 

Weight  of  floors. 481 

highway  bridgea 44, 399 

Howe  trusses 43,  390 

lattice  girders 43,  276 

pin-connected  trusses 43,  277 

plate  girders 43,  274 

rivet  heads 293 

roof  coverings. , 350 

roof  trusses. 347 

stringers. 361 
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Weight  of  swing  bridge& 206 

trestles^  iron. 433 

Weyrauch's  formula 279 

Wheel  loads,  tabulation  of  moments. 87, 1 10 

See  also  Concentrated  loads. 

Whipple  truss,  analysis  for  tmiform  loada 61 

wheel-loads. 105-107 

history  of 8 

Wind  bracing.    See  Lateral  bracing.  Portal  bracing, 

also  Sway  bracing. 

Wind  loads,  specification  for. 524 

Wind  pressure,  experiments  on. 33 

on  bridges. 115 

buildings. 499-50i 

elevated  railroads. 442 

roofs 33 

stand-pipes. 467 

trestles. 431 

Wind  stresses  in  bridges 115-123, 179,  223,  232 

buildings 493*  507-512 

elevated  railroads. 443^445 

roof  trusses 348 

Work,  equation  of  external  and  intemaL 251 

Working  formulae 279-281 

Working  plant  for  erection 54^55© 

Working  stresses  for  highway  bridges. 379 

railway  bridgea 277, 356, 525 

roof  trusses 348 

timber 389 

^ledfications  for 525 

Wrought-iroQ  compared  to  soft  steeL 5i3''523 
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